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Navigation by sure eye and steady hand 


Ferdinand Magellan successfully steered 


his ships around the world with the aid of 
an ‘‘astronomical ring"’. . . one of the nav- 
igational wonders of his age. Hung from 
the steady hand of a sure-eyed seaman, 
readings were taken by sighting through 
the rings. Set for the month and day of 
the week, this ingenious device employed 
the sun's declination to first determine 
latitude, then the hour and finally the 
meridional point of the ship’s position. 

Today, the ‘‘sure eye and steady hand’”’ 


of Arma'’s inertial guidance system solves 
the intricate problems posed by navigat- 
ing in space... keeps space vehicles on 
course by sensing t most minute 
changes from programmed speed and 
direction. And, despite its precise capa- 
bilities, the sensing gyro of the guidance 
system is small eno be completely 
encompassed within Magellan's unique 


brass rings. 


Arma, developer of the all inertial Atlas 
guidance system, airborne fire-contro 
systems, weapons systems for all Nav 
submarines, and pioneer in space re 
search programs, provides industry a! 
the defense establishment with product 
and systems of top reliability and value 
ARMA, Garden City, New York, a divisior 
of American Bosch Arma Corporation 
the future is our business. 


“Visit us at booth 4126-4128—WESCON SHOW" 
AMERICAN BOSCH ARMA CORPORATION 
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ON EVERY U.S. COMMERCIAL JET 36 


Mother's firm grip gives this mite the 
confidence of a million-miler. Trust. 
Assurance. Proven experience. Of 
such is confidence born. For the very 
same reasons, you find Shafer Aircraft 
Bearings on linkages between control 
surfaces and actuators on every U.S. 
commercial jet flying today. 


Shafer is the one anti-friction roller 
bearing design that for years has led 
the field because it provides al// the 
advantages that assure firm, reliable 
control: automatic, integral self-align- 
ment up to plus or minus 10° of mis- 
alignment...natura/ roller alignment 
that eliminates roller-end wear and 


race scuffing...re-lubrication without 
disassembly...and greater capacity 
for a given envelope dimension and 
weight than any other self-aligning, 
anti-friction bearing available today. 


Evaluate for yourself the many 
advantages of this full line of standard 
and special bearings. The industry's 
most experienced group of aircraft 
bearing engineers stands ready 
to assist you in this important area 
of your design. For a preview, send 
today for your copy of Catalog 59120. 
CHAIN Belt Company, 4793 West 
Greenfield Avenue, Milwaukee 1, 
Wisconsin. 
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Mach 3 
Technology 


loudspeaker horn is 47 feet x 30 feet—the largest in the world. 


Torturing aircraft structures with the world’s largest 


“g ram ap h on e” To predetermine in-flight 


stresses on an aircraft as advanced as the Air Force’s 
Mach 3 B-70 Valkyrie, it was necessary to make sweeping 
advances in the state-of-the-art of testing procedures. 
One way the Los Angeles Division of North American 
Aviation met this challenge was to build the largest, loud- 
est acoustical test chamber in the world. Here, a mam- 
moth 47 foot by 30 foot concrete loudspeaker horn can 
blast aircraft structural specimens with up to 170 deci- 
bels of noise. This is the equivalent of 54,000 five-tube 
radios going full blast, yet ingenious soundproofing keeps 
this noise to no more than a discreet whisper outside the 
lab. The noise inside the lab is so great that the heat 
generated could ignite fiber glass insulating material. 


Specimens up to 6 feet by 25 feet can be tested in the 
acoustical lab. It has the capacity for: progressive wave 
as well as reverberant sound fields; grazing or normal 
incidence specimen orientation; discrete frequency or 
random noise at sound levels up to 170 dbs; thermal 
environment testing from —100°F to +1200°F; fre- 
quencies of 50 to 10,000 cycles per second. This is indeed 
a remarkable facility for acoustical testing, fatigue test- 
ing, and vibration testing. 

This giant acoustical laboratory can not only carry out 
testing on tomorrow’s Mach 3 aircraft, but can perform 
tests on aerospace craft still ten years from reality. The 
lab is only one of the many that the Los Angeles Division 
has developed to conquer problems of space age flight. 


Builders of the B-70 Valkyrie 


THE LOS ANGELES 


2 Aerospace Engineering + August 1961 


DIVISION OF 


NORTH AMERICAN AVIATION 


On 


4 2 
4 
4 
a4 
~ 


Written Exclusively 
By Engineers—For Engineers’ 


ALRUSPALE 


ENGINEERING 


— Established 1934 — 


Editorial 

Yusuf A. Yoler 
Peter G. Fielding 
George R. Mellinger 
M. A. Zipkin 


J. W. Connors, W. Pfenninger 
and C. B. Smith 


M., John Brown 


Roberto Vaglio-Laurin 
and Massimo Trella 


C. E. Davis and R. L. Lichten 
John C. Yao 


Departments 


On our cover 


VOLUME 20 / NUMBER 8 


AUGUST 1961 


Featured in this Issue 


H.C.L. and Technical Societies 
Dyna-Soar: A Review of the Technology 
Performance Nomograms for GEM's 

The X-15 


Environmental Problems in the Design of Space Power Systems 


Propulsion Systems for Laminar Flow Aircraft 


Hyperthermal Gas-Fueled Materials Test Facility 


A Study of Flow Fields About Some 
Typical Blunt-Nosed Slender Bodies 


XV-3 Low-Disc-Loading V/STOL Aircraft Flight Test Experience 


Thermal-Stress Analysis of Sandwich-Type Cylindrical Shells by the Cross Method 


IAS Special Publications 


Personnel Opportunities 
Fairchild Fund and IAS Papers 


Letters to the Editor 


See New Features 


Announcements, p. 45 


Index to Advertisers 


In the not-too-distant future, Dyna-Soar will lift from its Cape Canaveral launch site to herald the era 


of the true aerospace vehicle. 


In this first U.S. Air Force approved artistic interpretation, the grandeur 


of poised might and the fury of a missile launch are blended adeptly by Frederick E. Fahdt, Design 
Illustrator in Martin-Baltimore’s Weapon System Division (Presentation Section), who shows Martin’s 
Titan II with fins to balance destabilizing aerodynamic forces at the glider nose during boost phase. 
Boeing is building Dyna-Soar for the USAF as systems contractor and several other IAS Corporate 


Member firms have been awarded major subcontracts. 


NASA is participating in the program’s 


technical development. An exclusive review of Dyna-Soar technology, by Y. A. Yoler, Boeing’s Dyna- 
Soar Staff Engineer, starts on page 8. 
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Contributors Please Note 


AEROSPACE ENGINEERING welcomes con- 
tributions of full-length technical articles, 
including manuscripts classified as tech- 
nical notes, pertaining to all fields of in- 
terest in the Aerospace Sciences. (See 
headings of IAS Aerospace Technology 
Panels on opposite page.) Manuscripts 
in either category, which should be ad- 
dressed to The Editor, Aerospace Engineer- 
ing, 2 East 64th Street, New York 21, 
N.Y., are acknowledged on receipt. 
Editorial review—requiring from two to 
six weeks—is initiated with a promptness 
dependent upon conformance to standards 
discussed below. Authors are notified 


. as soon as possible as to acceptance or 


rejection. To avoid delays and minimize 
correspondence, contributors are urged 
to supply the Editor with the original 
manuscript plus one or two legible (carbon 
or process) copies complete with clear 
copies of illustrations. Manuscripts should 
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TURBINE PRESSURE 


COMPREHENSIVE 


INSTRUMENTATION 


HOWELL INSTRUMENTS are cali- 
brated for use with all transducers for 
the measurement of the phenomena en- 
countered in all phases of aircraft and 
missile development, test and operation. 
Each instrument is completely self-con- 
tained (miniaturized, silicon transistor- 
ized, servo-driven, hermetically sealed) 
with Zener reference, power supply, am- 
plifier, servo motor, cold junction com- 
pensation as needed and the 144-inch 
slide-wire and punched tape to linearize 
e.m.f. for exact, counter-type digital read- 
out. Needle pointers are provided for 
quick reference. Accuracies are within 
0.1%. Available in 3”-dia. MS33639 and 
2”-dia. MS33598. 

Styled Series BH183 & 185 — The In- 
strument with the Ta pe-Slidewire —these 
instruments are produced by the makers 
of the JETCAL® Analyzer, the only jet 
engine tester used throughout the world! 

Full information is available for the 


asking. 


Sales-Engineering Offices: 


COMPTON, CAL., DAYTON, O., VALLEY STREAM, L.I., N.Y., 
WICHITA, KAN., TORONTO, ONT. (George Kelk Ltd.), 
MITCHAM, SURREY, ENGLAND (Bryans Aeroquipment Ltd.) 


not exceed 17-20 pages (maximum of 
5,000 words). Each should be typed 
(double-spaced) and every page must be 
typed with two-inch margins. For each 
illustration, deduct 350 words; for any 
tabular matter, deduct an equivalent 
number of words from text. Detailed 
instructions for preparation of manu- 
scripts are published monthly on the inside 
back cover of the Journal of the Aerospace 
Sciences. Aerospace Engineering does not 
Pay for contributions. 


HOWELL INSTRUMENTS, INC. 


FORMERLY 8 & H INSTRUMENT CO.. IN 


3479 WEST VICKERY BOULEVARD ° FORT WORTH 7, TEXAS 
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From General Motors...Temperatures Made to Order 


GM HARRISON...IN COOL COMMAN 
FOR AERO COMMANDE 


Reliable Harrison Heat Exchangers 
Control Engine Oil Temperatures of 
New Twin-Engine 680F Executive Plane 


Aero Commander engineered maximum performance 
and reliability in their new 680F executive plane. 

An excellent reason why they selected Harrison 
heat exchangers to control the vital engine oil 
temperatures of the twin Lycoming engines. 
Harrison’s brand of reliability —“‘measurable 


excellence’’—stems from an “initial design to end use”’ 


Typical Harrison Bar and Plate concept. In fact, reliability programs cover every 


Type Aviation Oil Cooler. 


phase of Harrison heat exchanger operations— 

from ideas to tooling, from process control to 
craftsmanship. Like quality, reliability is under 
complete scientific control at Harrison and is a basic 
part of management philosophy. So to save time 
and costs on your temperature control problems— 
with reliable results—call in 


a Harrison Sales Engineer 


at the design stage. 


Harrison heat exchangers are quality products 
of General Motors Research and Engineering. 


= 
>. 
YRe. 


MADE TO oRDE® 


ree For an informative 48-page 
brochure on the complete Harrison IARRI, 4" ) 
line . . . write to Department 902 
AIRCRAFT, AUTOMOTIVE, MARINE AND INDUSTRIAL HEAT EXCHANGERS 
HARRISON RADIATOR DIVISION, GENERAL MOTORS CORPORATION, LOCKPORT, NEW YORK 
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EDITORIAL 


H.C.L. and Technical Societies— 


= IS LITTLE NEED to point out to anyone over 
high school age that dollars buy less today than they 
did 20 years ago. ‘Cost of living’ indexes, 
” “fringe benefits,” etc., etc., are 
as familiar to tabloid readers as to Wall Street 
Journal “‘regulars.’”’ Reduced to simplest terms— 
“everything costs more than it used to.”” Today, all 
technical societies are learning this the hard way. 

We all know that in this period of exploding 
technology all IAS services have been extended and 
expanded. (See This Is IAS...) It costs more 
to do more, but the record shows that in all depart- 
ments, the rate of cost increases has outrun the rate 
of service expansion by a considerable margin. For 
example, during the past 10 years when IAS mem- 
bership has about doubled, meeting costs have gone 
up by 300 percent; all publication costs (printing, 
binding and mailing) have automatically increased 
over 50 percent, and our payroll in dollars (with 
only 65 percent increase in personnel) has been 
multiplied by 2'/2. Such changes reflect the chang- 
ing economic climate. The overall effect has been 
to increase the cost of servicing the individual IAS 
member from about $50 per year in 1950 to about 
$65 each in 1961. 

In any inflationary period, hardest hit by rising 
living costs are people with more or less fixed in- 
comes. This applies to institutions as well as to 
individuals. This is why many nonprofit organiza- 
tions, churches, schools and universities are now 
engaged in great fund-raising drives. This is why 
prudent management of the invested funds of such 
organizations has dictated a marked shift in the 
character of investment. Years ago the Govern- 
ment bond was recognized as almost the only proper 
form for secure investment for such groups. Most 
endowment funds required that 75 to 80 percent of 
the holdings be of this type. Today the situation 
has been reversed. Investment counselors over 
the past 5 years have shifted nonprofit organiza- 
tion investment portfolios from a 30-70 ratio to a 


“escalator clauses, 


70-30 basis, with 30 percent or less in Government or 
fixed income securities and the greater amount in 
equities. This technique is recognized as the only 
proper hedge against inflation but it generally in- 
volves some sacrifice of immediate income producing 
possibilities. 

This is substantially our own situation, invest- 
mentwise. The Council's Finance Committee, work- 
ing with our financial advisors, have kept close watch 
on the Institute’s portfolio and have done well in 
protecting our long-range position. This has not, 
however, improved our income from investments. 
In fact, with the necessity of selling off some of our 
reserve securities to meet the budgetary imbalance 
of the past and currerit fiscal years, our income from 
this source has been materially decreased. 

This has further compounded the problem dis- 
cussed in these pages several months ago [The For- 
ward Look (Editorial), April 1961] of ‘“‘making both 
ends meet.’’ This has been a subject of long and 
serious consideration by your representatives in the 
Council. Some months ago President Stever ap- 
pointed a special Task Force under the Chairman- 
ship of IAS Past President C. J. McCarthy to study 
and examine the overall economics of IAS opera- 
tions and to make recommendations to the Council 
as to how best to put us back ‘‘in the black.”” (Com- 
mittee members include: W. B. Bergen, W. A. M. 
Burden, B. W. Chidlaw, A. D. Emil, H. L. Hibbard, 
M. I. Peale, L. B. Richardson, and E. C. Wells.) 

The McCarthy Committee has been working 
closely with other committees of the Council and 
with Management and has recommended to the 
Council a well-rounded program to reduce current 
operating deficits and to conserve IAS assets. This 
is in process of final ratification by the Council and 
will be presented to the Membership in the near 
future. Meanwhile, as directed by Council, IAS is 
moving steadily forward to fulfill its long-standing 
objectives and its new responsibilities on all fronts. 

S.P.J. 
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DYNA-SOAR 


DP isuitean is a piloted, winged aerospace craft in 
the 10,000-lb class which is capable of residing in 
orbit for significant periods of time, re-entering the 
atmosphere, flying to a landing site, and making a 
conventional landing. 
in Fig. 1 (title picture). The Dyna-Soar air vehicle 
consists of a booster, the re-entry glider, and a transi- 
tion section which houses the escape rocket and cer- 
tain expendable items (see Cover). 

Thus, the general Dyna-Soar mission encompasses 
three phases: (1) boosted flight, (2) orbital flight, 
and (3) re-entry flight. A typical ‘“‘once-around”’ 
flight trajectory over a 22,000 mile range is shown in 
Fig. 2. The unique flight capabilities and design fea- 
tures of the Dyna-Soar contribute to its performance 
principally during the re-entry phase of flight. 
Because of this fact and because of the individual 
identities of the technologies and subsystems as- 
sociated with boosters and/or with long missions in 
space, this paper deals, in the main, with Dyna-Soar 
technology as it is related to suborbital re-entry 
flight. 

For convenience, suborbital re-entry flight is de- 
fined as that phase of flight which begins with the 
penetration of the aircraft into the atmosphere 
below 300,000 ft altitude and at slightly less than 
orbital velocity. This phase of flight is illustrated 
by a typical trajectory in Fig. 3 and consists of: (1) 
hypersonic flight, flown at relatively high angles of 
attack to reduce heating; (2) transition at super- 


Its general features are shown 
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Symbols 
( drag coefficient 
( = lift coefficient 
C; pressure coefficient 
D drag, lb 


centrifugal force, lb 
frequency, cps 
= gravitational acceleration, ft/sec? 
= altitude, ft 
: maneuver margin, ft 
= lift, Ib 
= scale parameter, ft 
Mach number 


An 


\ = load factor 
= dynamic pressure, lb/ft? 
; = rate of heat transfer, Btu/sq. ft-sec 
S = wing surface area, ft? 
= temperature, °F 
V : inertial velocity, ft/sec 
Ve = relative velocity, ft/sec 
Vs = satellite velocity, ft/sec 


sonic speeds to conventional flight attitudes; (3) 
terminal flight to the landing site; and (4) landing 
As is well known, the regime of severe laminar and 
turbulent heating lies in the range of relative veloci- 
ties roughly from 17,000 to 23,000 ft/sec. 

Following a review of the general performance 
characteristics and design considerations typical of 
such aircraft, several specialized areas of Dyna-Soar 
technology such as guidance, communications, sta- 
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Vehicle Design 


A Review of the Technology 


Yusuf A. Yoler, AIAS, Aero-Space Division, The Boeing Company 


A winged aerospace craft in the 10,000-Ib class is discussed. 


The Dyna-Soar mission encompasses: 
Boosted flight. 
© Orbital flight. 
Re-entry flight. 


W = weight of aircraft, lb 


lateral range, n.m. 

a angle of attack, deg 

8 atmospheric parameter, ft 
€ emissivity 


@ bank angle around the wind axis, deg 

flight trajectory attitude, deg 

y = lateral angle between initial and final velocity vec- 
tors, deg 


v' = angle between instantaneous velocity vector and 
destination heading, deg 
w = frequency, rad/sec 


- free-stream density, slugs /tt® 
= damping factor 


Subscripts 
A = apogee 
d = design limit 
e = equilibrium flight conditions 
f = final conditions 


= initial conditions 


Dr. Yoler is the Dyna-Soar Staff Engineer 
of Boeing. He received his Ph.D. from the 
California Institute of Technology in 1954 and 
attended the Harvard Graduate School of 
Business Administration in 1955. From June 
1955, through March 1958, he was with the 
Missiles and Space Vehicles Department of 
General Electric. He joined Boeing as 
Head of the Flight Sciences Laboratory of 
the Boeing Scientific Research Laboratories, 
and has been assigned to his present posi- 
tion since August 1960. Dr. Yoler is a 
member of the IAS, IAS National Council, 
ARS, and the APS, and has published several papers dealing with the 
aerospace sciences. 


bility and control, aerodynamic heating, materials 
and structures, etc., are discussed. 


General Performance Characteristics 


Much of the performance characteristics and de- 
sign features of Dyna-Soar type aircraft can be 
discussed with the aid of a few simple, well-known 
relations which are sufficiently accurate for the 
purposes of this review. The inclination y with 
respect to the local horizontal of the flight trajec- 
tory of the Dyna-Soar, which is capable of moder- 
ately high hypersonic lift-to-drag ratios, is generally 
very small, typical y one degree or less in equilibrium 
flight. Hence, the balance of forces along the local 
vertical, with respect to the earth’s center, is given 
(Fig. 4) by 


(W/gh =L+F,-W 


or 


9 


h/g = (V2/Vs2) —1 + (pVp? S Cy cos¢/2W) (1) 


In equilibrium flight h is sensibly zero and Eq. (1) 
reduces to the well-known relation given first by 
Sanger! 

2W[1 — (V?/Vs?)] 
(2) 

S cos 


This expression is an equality between the weight 
of the aircraft and the sum of aerodynamic and cen- 


(Continued on page 56) 
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Vehicle Design 


Performance Nomograms for GEM’s 


Peter G. Fielding, AFIAS, Booz-Allen Applied Research, Inc. 


During preliminary studies, nomograms allow the designer to 


estimate lift power, propulsion power, and the power required to climb, stop, and turn 


for separate lift/propulsion ground effect machines. 


= POWER requirements for an annular jet vehicle 
are represented in Chart 1. A net system efficiency 
of 60 percent has been assumed. This efficiency 
factor includes duct losses, the efficiency of the lift 
fan, and the effects of mixing within the jet and 
boundary layer. Although the nomogram is based 
on optimized values of jet discharge angle and 
nozzle widths, the numbers are considered accurate 
over a broad range of operating heights for a ground 
effect machine (GEM). 
The nomogram represents the analytic function: 


= 544 VW X W/S X 


Seale A is gross weight WV, tons; B is planform 
loading W/.S, Ibs/ft?; C is a dummy scale; D is 
operating height 4, ft; and E is lift horsepower for 
circular vehicle, bhp. 

Seales F, G, H, and I represent approximate lift 
horsepower corrections for noncircular planform and 
are based on relative arithmetic ratios of vehicle base 
circumference to planform area—e.g., for an oval 
vehicle of length/beam ratio of 3, and a rectangular 
vehicle of length/beam ratio of 2, the correction 
factor is the same—1.2. 

The use of Chart 1 is straightforward, as illus- 
trated. For vehicle of noncircular planform, the 
horizontal guidelines should be followed to the appro- 
priate scale. Example: 


The author wishes to thank W. J. Neff and Miss Mildred 
Francis for their assistance in compiling information used in 
this paper. 
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Symbols 
bhp = brake horsepower 
W = gross weight of vehicle 
S = effective area of vehicle 
h = height (surface to jet exit), ft 
V = speed, mph 
Cp = drag coefficient based on planform area 
Given: W = 10 tons 
W/S = 30 lbs/ft? 
h = 4 ft 
planform = rectangular 3:1 
Find: Lift 
horsepower 
Answer: Scale H 2,600 bhp 


Propulsion Power 


Chart 2 represents the propulsion power require 


ments for an annular jet vehicle. The drag at any 


The author, inventor of a jet recirculation 
system for GEM's and holder of joint patents 
on a BLC system for the C-130B aircraft, is 
Project Director of his firm's Transportation 
Research Office and responsible for work 
being done for ONR and Army Transportation 
Corps on the overall GEM program. As- 
sociated with some of the major develop- 
mental programs in the aviation and aero- 
space fields for the last 20 years in the U.S. 
and U.K., his experience covers several first 
British jet aircraft designs and project coor- 
dination duties on the Black Knight re-entry 
test vehicle. He joined Lockheed's Georgia Division in 1955 and has 
been associated with Booz-Allen since 1959. He also is an Associate 
Fellow of the RAeS. 
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Chart 1. 


forward speed is made up of frictional and parasitic 
components similar to those for aircraft, plus the 
momentum drag of the air exhausted in the annular 
jet. The nomogram represents a nonintegrated pro- 
pulsion system with a net propulsive efficiency of 
SU percent. 

Che analytic function represented by the nomo- 
gram is 


, 0.017 CpV® 
ONP prop. = (43 x 10-! V? ‘Up ) 


S W/S 
momentum drag aerodynamic 
power drag power 


GEM lift power. 


Scale A is velocity V, mph; B is planform loading 
W/S, lbs/ft?; C is momentum drag power per ton 
gross weight; D is planform loading; E is aero- 
dynamic drag coefficient C, (based on planform area) ; 
F isa dummy scale; G is velocity; H is aerodynamic 
drag power per ton gross weight; I is propulsive 
power per ton, (C) + (H); J is same as I, bhp/ton; 
K is gross weight W, tons; and L is total propulsive 
power (bhp). 

The momentum drag power on scale C and the 
aerodynamic drag power on scale H are combined to 
give the propulsion power (Chart 2). Example: 


(Continued on page 67) 
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George R. Mellinger, AFIAS, North American Aviation, Inc. 


a APRIL 1952, the NACA, since redesignated the 
National Aeronautics and Space Administration, 
initiated studies for space flight problems. This was 
a logical extension of the work previously done on 
other rocket research airplanes, such as the X-1 and 
X-2 (Fig. 1). 

In 1954, NASA completed its studies and pre- 
sented the X-15 proposal to the Air Force and the 
Navy. This proposal called for a boost glider vehicle 
as the stepping stone to space. This type of vehicle 
is boosted to high enough speeds so that the centrif- 
ugal force generated by following the earth’s curva- 
ture supports a significant portion of the weight. 
It normally flies within the atmosphere, thus the 
glider name; however, it can be jumped out of the 
atmosphere to produce reasonably long periods of 
weightlessness characteristic of space travel. 

In December 1955, North American Aviation was 
given the go-ahead to produce three vehicles, in ac- 
cordance with its design proposal (Fig. 2), and in 


Aerospace Engineering gratefully acknowledges the author’s 
cooperation in making this condensation of a comprehensive 
report available to its readers. It is suggested that those in- 
terested in sections on Pilot Evaluations, Flight Demonstra- 
tion, and Value of an Air Launching Capability (all with per- 
tinent figures) request the unab-idged version under the title 
‘Design and Operation of the X-15 Hypersonic Research 
Airplane’ from North American Aviation, Inc., Los Angeles, 
Calif. 
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September 1959 the first powered flight was accom- 
plished at Edwards Air Force Base. 


Vehicle Description 


The NASA specified certain design requirements 
Fig. 3) in order to provide a manned research 

vehicle that would be capable of exploring the prob 
lems of hypersonic speed and space flight. Thesc 
extremely high design requirements dictated a new 
liquid fuel rocket engine in the neighborhood of 
60,000 Ibs of thrust. Weight is extremely important 
to the X-15 because of the ballistic trajectory flight 
path. To achieve minimum weight, many simplified 
systems were designed, and the normal landing gear 
was replaced by simple skids. 

Che high structural temperature and heating rates 
were obtained by re-entering the atmosphere at ex 
tremely high speeds obtained fron ballistic trajec 
tories above the atmosphere. Atmospheric re-entry 
experience with manned aircraft and a period of 
weightlessness sufficient to extend our knowledge oi 
its effect on human beings would now be possible. 

lo determine the design conditions for the airplane, 
a maximum altitude mission profile (Fig. 4) and a 
For the alti 
tude mission, a Mach number over 6 is reached at 
burnout, and the vehicle coasts to the altitude o! 
250,000 ft. 


maximum speed profile were chosen. 


This mission results in an appreciabl: 
testing period at a combination of extreme altitud: 


th 
tt 
of 
CC 
2 tt 
I 
| 
= 


of the XLR-11 engine. 


of the XLR-99 engine. 


and Mach number. About 80 sec after launch, the 
vehicle reaches Mach 6 and holds the speed for almost 
200 sec. The time of weightlessness is approximately 
2.5 min. 

For the maximum speed design mission (Fig. 5), 
the altitude is reduced to about 130,000 ft, and the 
required speed of 6,600 fps is realized. The struc- 
ture was designed, therefore, to a dynamic pressure 
of 2,500 psf, a load factor of 7.33g, and approxi- 
mately 1,200°F maximum temperature. 

To provide the thrust for the X-15, the USAF 
contracted with Reaction Motors to develop a new 
turborocket engine, designated XLR-99 (Fig. 6). 
Propellants are liquid oxygen and anhydrous am- 
monia supplied from gas-pressurized tanks. The 
engine is of variable thrust design capable of operat- 
ing over the range of 50 to 100 percent of full thrust. 
The gas generator decomposes a monopropellant 
fuel, 90 percent hydrogen peroxide, to provide a 
high-pressure gas mixture for driving the turbo- 
pump, which in turn drives the two centrifugal 


Mr. Mellinger, Manager of Engineering 
Flight Test for the Los Angeles Division of 
North American Aviation, graduated from 
the California Institute of Technology in 1938 
with M.S. degrees in mechanical and aero- 
nautical engineering. While at C.I.T., he 
held a Guggenheim fellowship, and was 
elected to Sigma Xi. After a year with Pan 
American Airways, he joinedj North Ameri- 
can Aviation in 1939 as an derodynamicist. 
Entering flight-test work in 1941, he was ap- 
pointed Chief of Flight Test in 1950 and 
Manager of Flight Test in 1956. In 1953 he 
proposed, and applied to the F-100, the idea of accelerated develop- 
ment flight testing, involving the use of a large number of test vehicles 
to reduce the development lead time. An Associate Fellow of the 
Institute, Mr. Mellinger has been Secretary of the Los Angeles Section 
(1948), and Chairman (1956). 


Vehicle Design 


Design and operation data on the hypersonic research airplane, featuring 


vehicle and systems description, materials and fabrication, and substitution 


A brief comment is appended on the more recent installation 


pumps that supply the propellants to the engine. 
The propellants then enter a first-stage igniter 
where the oxygen and ammonia are mixed and then 
ignited by three spark plugs. Liquid oxygen and am- 
monia also are routed to the second-stage igniter. 
Pressure switches in the first- and second-stage 
igniter are sequenced so that the propellants do not 
enter the main thrust chamber unless the first- and 
second-stage igniters build up the necessary pres- 
sure. The thrust chamber is an assembly of small, 
welded, wire-wound tubes preformed as segments of 
the chamber. Before injection into the thrust cham- 
ber, the ammonia passes through these tubes to cool 
the chamber. Several electric circuits are provided 
which automatically shut the engine down in the 
event of malfunctions such as overspeed or excessive 
vibration. A full-rated thrust of 57,000 Ibs is ob- 
tained at a maximum propellant flow rate of about 
210 Ibs./sec. Because of the high thrust of the en- 
gine, the noise levels surrounding the vehicle are 
severe (Fig. 7). A maximum of 163 db is noted 25 
ft behind the airplane. It was necessary to design 
the vehicle structure to withstand these high sound 
pressure levels, such as the (Continued on page 26) 


X-15 in flight (earth below). 
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Fig. 1. ARDC model atmosphere, 1959. 


l. THE DESIGN OF large power supply systems for 
space vehicles, the boundary conditions inherent in 
the space environment must be superimposed upon 
the conventional restraints of thermodynamic, aero- 
dynamic, and mechanical limitations. While the 
salient features of the space environment are fairly 
well understood, data useful for design purposes are 
both limited in quantity and of unproved validity. 
Furthermore, completely verified design data may 
not be available until long after these space systems 
have been built and are operational. Consequently, 
the effects of the environmental factors on the 
power system must be evaluated within the limits 
imposed by the available information and balanced 
engineering judgment. 

It is the purpose of this paper to review briefly 
those environmental factors that significantly affect 
the components of a space power system, to indicate 
design approaches that are compatible with these 
new requirements, and to show by an illustrative 
example their influence on the design of a large (500- 
kw) closed-cycle nuclear 
supply. 


turbogenerator power 


Environmental Factors 


The environmental factors that are of concern to 
the space power-plant designer are the atmosphere— 
or, conversely, the lack of an atmosphere—the forces 
on the system, and the anticipated meteoroid popula- 
tion in space. Consequently, these must be examined 
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Environmental Problems 


M. A. Zipkin, MIAS 


General Electric Company 


Mr. Zipkin received his B.S. in mechanical! 
engineering, with honors, from Newark Col- 
lege of Engineering in 1943, and obtained 
his M.S. in aeronautical engineering from 
Case Institute of Technology in 1948. Start- 
ing as an aeronautical research scientist with 
the Lewis Lab. (NACA) in 1943, he then 
joined the staff of Goodyear Aircraft (1948) 
where he subsequently became Chief 
Thermodynamicist. He became affiliated 
with G.E.'s Flight Propulsion Div. in 1956 as 
Manager of Thermodynamics in the Ad- 
vanced Propulsion Systems Operation, and 
was named Manager of that Operation in 1957. Early in 1960 Mr. 
Zipkin became Manager of G.E.'s newly formed Space Power Opera- 
tion of the Flight Propulsion Lab. Dept. 


and suitable criteria established before any design 
can be initiated. 


Atmosphere 


Some appreciation of the nature of the atmosphere 
can be obtained from the 1959 ARDC model pre- 
pared by the Air Force Cambridge Research Center. ! 
Fig. 1 shows the variation in pressure and densit 
with geometric altitude above 100 miles, the prob 
able minimum altitude for any long-life satellite sys 
tem. In the design of most system components 
the pressure and densities as shown in the figure cai 
be neglected and the system can be assumed to b: 
operating in a hard vacuum. The implications o 
this are that all waste heat must be rejected b) 
radiation, all shaft seals between working fluids an: 
the environment must be eliminated, and all ma 
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in the Design of Space Power Systems 


‘The primary effect of the atmosphere and the meteoroid population is to force system 


temperatures to the highest attainable within metallurgical limitations. 


» e © The principal effect of zero gravity is to require the development 


of boilers and condensers that rely on artificially 


created inertia forces which are large in relation to gravity.” 


terials with a high rate of evaporation must be 
avoided. 

In the design of space power components, the tem- 
perature of importance is the effective sink tempera- 
ture. Examples of sink temperatures seen by satel- 
lites orbiting about the earth are given in Ref. 2. 
This temperature results from radiant heat exchange 
among the sun, earth, and satellite. It is a function 
of a number of variables that include the ratio of 
absorptivity to emissivity of the vehicle surface, the 
orientation of the vehicle with respect to the heat 
sources, and the geometry of the vehicle. Because 
space power systems have internally generated heat 
and high radiator temperatures, the equivalent space 
sink temperature has very little effect on perform- 
ance. For example, a radiator operating at 800°F 
with a sink temperature of 100°F rejects about 5 
percent less heat than it would with a sink tempera- 
ture of 0° absolute. 

Che chemical effects of the residual gases that 
exist at the altitudes projected for satellite operation 
cannot be neglected. These residual gases are pri- 
marily in the form of dissociated oxygen and nitro- 
gen and must be considered in the selection of system 
containment materials and emissivity surfaces. 


Forces 


Che external forces acting on an earth satellite in 
a low-altitude orbit are quite small in relation to the 
forces acting during the launching operation. In 


_ addition, there are no forces that would cause inter- 


action among the components within the satellite 
unless the system is operating with an applied 
thrust. Consequently, the anticipated forces on the 


power system will be (Continued on page 38) 


Fig. 2. Meteoroid population in space. 


0.01" 0.1" | io" 


[DEPTH OF PENETRATION, | 
| ALUMINUM 
t 


0.00! 


o 

WwW 

-4 
10} 


EROSION 


NUMBER OF IMPACTS /M 
@ 


 pHOTO 


RADIO} | 


10° | 10100 
MASS, GRAMS—~ 


10° 


August 1961 + Aerospace Engineering 


>rt 
| 
Sy Ge | 
IN 
4% ANY, 
NG 
S We 
PUNCTURE 
as 
WHIPPLE(2) 
SS\DUBIN(3) 
15 


16 


QS 


Ae 


7 AGF A 
3 
* 4 A FA RA 
5) NA DRA 
laa © TOTAL AIRPLANE DRA 
10 020 


Fig. 1. A large portion of the drag of conventional subsonic aircraft 
is viscous and subject to improvement by laminarization. 


I. THE EVER-CONTINUING EFFORTS toward more 
efficient long-range transportation through the air, 
the question arises concerning possibilities for further 
performance improvement of long-range airplanes. 
One of the factors influencing airplane range is the 
airplane lift-drag ratio (L/D) which is affected by 
induced drag and friction drag. Fig. 1 shows in the 
drag polar, Cy, vs. Cp, that the turbulent friction 
drag of a long-range transport airplane represents a 
relatively large percentage of the total drag during 
cruise. Since the laminar friction drag of a flat 
plate at the Reynolds numbers of a transport air- 
plane is one eighth to one tenth that of the corre- 
sponding turbulent flat plate drag, a substantial im- 
provement in airplane L/D and range would result 
if it should prove feasible to reduce the airplane fric- 
tion drag by maintaining extensive laminar flow 
on the airplane wetted surfaces. 


Laminar Flow by Means of Suction 


The question, then, is how to maintain extensive 
and, if possible, full-length laminar flow at high 
Reynolds numbers on the wetted surfaces of a long- 
range airplane. It has been shown that boundary 


Considerable additional work by the authors to make the 
most important areas of a comprehensive study available to 
its readers by this condensation is gratefully acknowledged. 
Those desiring duplicates of the unabridged text (88 pages) 
should request it by IAS Paper Number 61-52 from the IAS 
Special Publications Department, 2 East 64th St., New York 
21, N.Y. The cost to members of IAS is $0.50; to non- 
members, $1.—The Editor. 
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Propulsion Systems 


J. W. Connors, Pratt & Whitney Aircraft, 

Div. of United Aircraft Corp. 

W. Pfenninger, MIAS, Norair Div., Northrop Corp. 
C. B. Smith, United Aircraft Corp. 


layer suction is effective® 7 '—-% in maintaining 
laminar flow on wings and bodies as well as in junc- 
ture areas, for example between a wing and a fuselage 
or nacelle, etc. In regions of a pressure rise, such 
as in the rear part of a wing, transition from laminar 
to turbulent flow can be prevented by removing the 
boundary layer air particles adjacent to the wall 
which otherwise would separate from the wall and 
cause transition.'~ 

Boundary layer suction increases the stability 
limit® and transition Reynolds number. On swept 
laminar suction wings boundary layer suction reduces 
the cross-flow within the boundary layer and in- 
creases the stability limit Reynolds number of the 
cross-flow in such a manner that full chord laminar 
flow can be maintained on swept laminar suction 
wings up to high wing chord Reynolds numbers.’ 

Various suction methods have been used for the 
maintenance of extensive laminar flow. Practical 
suction methods, approaching continuous suction 
(being aerodynamically optimum) by means of suc- 


Mr. Connors is a Project Engineer in charge 
of the Advanced Powerplant Performance 
Group at Pratt & Whitney Aircraft. He 
received his B.S. degree in 1947 and his 
M.S. degree in 1948 in the field of Me- 
chanical Engineering at the Massachusetts 
Institute of Technology. In 1948, he became 
associated with Pratt & Whitney Aircraft 
and continues there. In 1956 he accepted 
the position of Adjunct Associate Professor 
of Mechanical Engineering at the Hartford 
Graduate Center of the Rensselaer Poly 
technic Institute. 
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for Laminar Flow Aircraft 


Some of the points covered in this paper are: 


Aircraft drag composition 


tion through a large number of fine slots or holes, 
have been developed.” ** 1! The slowest par- 
ticles of the boundary layer close to the surface are 
then continuously removed through these slots or 


holes. 


Drag Reduction Through Boundary Layer 
Laminarization 


Fig. 2 shows the large reduction in wing profile 
drag coefficient Cp, of straight as well as swept 
laminar suction wings at high Reynolds numbers 
by means of boundary layer suction as measured in 
low turbulence wind tunnels.*” The equivalent 
drag associated with the power to accelerate the suc- 
tion air to the free stream velocity is included (as- 
suming that the efficiency of the suction compressor 
system is equal to the propulsive efficiency of the 
propulsion system.) As compared with a fully tur- 
bulent wing, the profile drag coefficient of the 30° 
swept laminar suction wing with suction through 


Dr. Pfenninger is Chief of Boundary Layer 
Research at Norair Div., Northrop Corp. He 
graduated in 1936 as Mechanical Engineer 
at the Swiss Federal Institute of Technology, 
Zurich. From 1937 to 1946, he was As- 
sistant at the Institute for Aerodynamics, 
Zurich, under Prof. Dr. J. Ackeret. In 1946, 
he received his Ph.D. degree. His thesis 
was on low-drag boundary layer suction. 
From 1947 to 1948 he was with Dornier 
Flugzeugwerke, Altenrhein, Switz., and with 
Sulzer Brothers, Winterthur, Switz. From 
1949 to the present, he has been working 
at Norair on low-drag boundary layer suction research. 


Laminar flow by means of suction 
Drag reduction through boundary layer laminarization 


Effect of laminarization on aircraft performance 


many fine slots of Fig. 2 is lower by a factor of 5 or 
6 at high Reynolds numbers.’ (Continued on page 70) 


Fig. 2. A large reduction in viscous drag can be effected by laminar- 
izing the flow. 


Mr. Smith is Assistant to the Chief Scientist 
and Vice-President of United Aircraft Corp. 
He received his B.S. in 1942 in Aeronautical 
Engineering at Massachusetts Institute of 
Technology, and his M.S. in Mathematics at 
the University of Connecticut in 1947. He 
joined United Aircraft Research Labora- 
tories in 1943. He went to Hamilton Stand- 
ard Div. in 1950 to work on supersonic 
propellers. In 1955 at Pratt & Whitney 
Aircraft, he directed the initial work on 
LOX-hydrogen rockets. Also in 1955, he 
joined the faculty of Rensselaer Polytechnic 
Institute, Hartford Graduate Center, as Adjunct Associate Professor of 
Aeronautical Engineering. 
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Structures and Materials 


Hyperthermal Gas-Fueled Materials 


or is defined in Webster’s as the ‘‘degree 
of measured hotness or coldness’’ and hot is defined 
characteristically by ‘“‘violent activity,’ which we 
certainly do have in the environment under con- 
sideration. 

A re-entry body of a missile or weapon system is 
subjected to a sea of relatively dense air whose 
coefficient of friction increases with velocity. As a 
body increases in temperature, there are two primary 
means by which heat is transferred: radiation and 
conduction. For a material of high emissivity 
(0.8+), radiation can account for approximately 100 
Btu/ft*-see at 3,500°F, as illustrated in Fig. 1. 

Heat can also be removed from the body by con- 
duction through the structure to fuel, heat sinks and 
nonstructural masses. The resulting heat stored 
in the body will elevate the material temperature 
substantially, to 3,500°F or more. Since this tem- 
perature is attained in a very short time, or in a 
specific profile, simulation of these conditions during 
tests are required for usable property data. 

Methods of heating test samples run the gamut 
from furnaces to plasma ares 
in between. 


with many variations 
One of these variations, oxygen-acety- 
lene gas torches, was selected for high-temperature 
materials testing at Martin-Baltimore. 

The combination of oxygen oxidizer and acetylene 
fuel was selected primarily because of its ability to 
produce a hot continuous flame. The heat of com- 
bustion of acetylene is approximately 21,000 Btu/Ib 
or 800,000 Btu/ft®. With the oxygen oxidizer, it 
has a combustion temperature of 6,012°F. Another 
desirable capability is that of keeping environmental 
conditions from reducing through neutral to oxidiz- 
ing atmospheres. 

A typical example of the atmospheric control 
available was a test or bare molybdenum at 3,000°F. 
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Test Facility 


M. John Brown, The Martin Company 


A reducing atmosphere was utilized and the sheet 
material held at temperature for 30 min. with no 
loss of material. By addition of oxygen, an exo- 
thermic reaction was initiated, changing the Mo to 
MoQs. 
possibility of the material’s generating enough heat 
to continue the exothermic reaction without supply 
ing any additional external heat. Fortunately, the 


Tests were conducted to investigate the 


reaction was not self-sustaining. 

Fig. 2 is a log-log plot of some typical aerodynamic 
heating rates encountered by our various weapon 
As illustrated by the ICBM curve, a 
typical heat rate can be 3,000 Btu/ft?-see or more. 
The satellite work is in the 200 Btu/ft?-sec range, 
while glide re-entry vehicles are subjected to ap- 
proximately 20 Btu/ft®-sec. This re-emphasizes 
the fact that no one facility can satisfy all test re- 
quirements. 


systems. 


Facility 

A gas-fueled torch was first used in the laboratory 
to provide a high-temperature test environment. 
Natural gas and oxygen were burned in a burner 
normally used for glass blowing (Figs. 3 and 4). 
Chis burner produces a 1-in. jet, approximately 36 


Mr. Brown is supervisor of Engineering 
Physical and Mechanical Test Laboratories, 
Materials Engineering, at Martin-Baltimore. 
He was instrumental in establishing the En- 
gineering Test Laboratories and currently 
directs their mechanical and physical testing 
activities, evaluation of thermal, fatigue, 
creep and static properties. Mr. Brown is 
now actively engaged in developing test 
methods and facilities for simulating thermal- 
load shock and rapid heating-cooling en- 
vironments for space applications. Prior to 
his present affiliation, he was in structures 
analysis for several years with Chance Vought Aircraft. 
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A high-temperature test environment 
is described, where a gas-fueled 
jet torch was the first laboratory- 


used testing device. 


in. in length. Temperatures to 3,000°F were easily 
obtained. The setup illustrated in Fig. 4 involved 
testing the effectiveness of bonding molybdenum 
wire in ceramic casts. The wire was stressed in ten- 
sion with dead weights after attaining test tempera- 
ture. Argon atmosphere was used to prevent oxida- 
tion of the exposed wire. 

The second phase of development consisted of 
manifolding a group of 6 oxygen and 4 acetylene 
bottles to supply a 15-point multiflame Linde head 
(Figs. 5 and 6). The torch head was water-cooled, 
supported in a flexible frame and regulated with 
pressure gages. In these tests—of a honeycomb dive 
brake panel—thermocouples on front and back faces 
were continuously monitored to record thermal 
gradients and rate of temperature rise through the 
panel. 

Testing continued in the laboratory area until a 
larger 45-point flame head was obtained. This torch 
set off the sprinkler system and drove us into a new 
outdoor area (Figs. 7 and 8). 

To create a facility capable of performing a 
variety of tests, the use of oxyacetylene torches was 
increased to include 4 torch heads and sufficient 
gas supplies. To decrease manpower requirements 
for cylinder changing, a bulk gas unit was used. 
Oxygen is contained in liquid form and vaporized, 
going from the liquid storage to the gas supply line. 
Approximately 800 gal are stored to provide a 25,000 
cubic foot supply. Acetylene cannot be stored in 
any large bulk quantity, so we continued to use 
bottle supply, but with a larger 20-bottle manifold. 

As illustrated (Fig. 8), the outdoor facility pro- 
vides proper areas for gas storage, testing, instru- 
mentation and fabrication. The testing area has 
been designed to provide a maximum of flexibility 
in utilizing the torches. Four (Continued on page 44) 
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Fig. 1. Radiation heat transfer. 
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Fig. 2. Typical aerodynamic heating rates. 
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Aerodynamics and Fluid Mechanics 


A Study of Flow Fields About 
Some Typical Blunt-Nosed Slender Bodies 


Roberto Vaglio-Laurin, MIAS e Massimo Trella 


Polytechnic Institute of Brooklyn 


= DETERMINATION of complete flow fields 
about blunt-nosed slender bodies is of current prac- 
tical interest as it bears upon matters of communica- 
tions to, and detection of, re-entry vehicles. Physi- 
cal aspects of the problem are generally understood; 
however, several difficulties are still encountered 
when rapid preliminary estimates of flow properties 
and their distributions are required. 

The region of perturbed flow about the afterbody 
and the wake is of particular concern here. Previous 
investigations of this aspect of the problem mostly 
have been based on the blast wave analogy;'~ 
however, the dependence of results on several ap- 
proximations underlying the analogy has been as- 
sessed only to a limited extent. 
proximations are: 


Among the ap- 


(1) The body is assumed to have zero thickness. 

(2) Details of nose shape are neglected. 

(3) The solution is of an asymptotic nature; thus, 
the origin of the co-ordinate system is unknown a 
priori. 

(4) Strict similarity can only be established for a 
perfect gas with constant specific heats. 


Only recently experimental studies of the influ- 
ence of nose shape® and examples of numerical cal- 
culations’ '* have been reported; results of the 
former investigation indicate a rather poor correla- 
tion of measurements on the basis of blast wave 
parameters (Fig. 1, particularly for stations near 
the shoulder), while the latter studies do not define 
the comparative effects of gas excitation and dis- 
sociation. 


This research was conducted under the sponsorship of 
Contract AF 49(638)-217, monitored by the Air Force Office 
of Scientific Research, ARDC, USAF. The authors wish to 
express their appreciation to Edward Lieberman of the 
General Applied Science Laboratories, Inc., who very com- 
petently programed the calculations on a high-speed com- 
puter. 
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[he work reported here was aimed at further 
study of the listed four points. To this effect, we 
have determined complete flow fields about three 
configurations of current practical interest—namely, 
a sphere-cylinder and two sphere-cone-cylinder com- 
binations (Fig. 2), the latter characterized by 20° 
cone half-angle and bluntness ratios* b; = 1/2, 
be 1/4. For each configuration, we have con- 
sidered various re-entry flight conditions, and dif- 
ferent thermodynamic behaviors of the gas, either 
perfect gas with constant specific heats (y = 1.4) 
or air in equilibrium dissociation. 

Among the very extensive data obtained, we pre- 


*The bluntness ratio is here defined as b = (radius of 
spherical cap/radius of cone base). 


Dr. Vaglio-Laurin was educated at the Uni- 
versity of Rome where he received the 
degree of Doctor of Engineering. Upon 
award of a fellowship under the Interna- 
tional Educational Exchange Program of the 
U.S. Department of State, he became asso- 
ciated with the Polytechnic Institute of 
Brooklyn. At Polytech he obtained a Ph.D. 


tl in Applied Mechanics in 1954 and, since, 
j has been on the faculty. At present 
t' he is Research Professor in the Depart- 


ment of Aerospace Engineering, and Applied 
Mechanics. Dr. Vaglio-Laurin's main interest 
and contributions are in the area of theoretical and applied 
fluid mechanics. 


Dr. Trella was educated at the University 

of Rome where he received the degree of 

Doctor of Mechanical Engineering (1957) 

and the degree of Doctor of Aeronautical 
Engineering (1959). From 1957 to 1960, 

he was Assistant to the Chair of Applied x 
Mechanics at that University. In 1960, he j 
joined the Research Staff of the Polytechnic 
Institute of Brooklyn where he has since then 

been active in theoretical research related 

to viscous and inviscid high-speed flow 
problems. 
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Complete inviscid flow fields about 
three model axisymmetric configura- 
tions have been determined numer- 
ically for several flight conditions 

and thermodynamic behaviors of the 
gas, either ideal calorically perfect gas 


or air in thermodynamic equilibrium. 


sent only those which prove or disprove presumed 
correlations and, thereby, provide guiding lines for 
practical situations wherein preliminary estimates 
of flow properties on the body, at the shock and 
across the flow field are required. The point of view 
is similar to that set forth in previous analyses of 
leading edge bluntness effects;'® however, greater 
attention is devoted here to detailed distributions 
of flow properties between body and shock including 
the immediate neighborhood of the nose. The 
various phases of the study are presented in the fol- 
lowing sections beginning with a brief discussion of 
the configurations chosen and of the procedure used 
in the calculations (Section 2). Pressure distribu- 
tions in nose and afterbody region are then ana- 
lyzed separately; similar considerations are applied 
to the computed shock waves. Finally, distributions 
of flow properties between body and shock are 
studied. On this basis simple correlations and rules 
for preliminary estimates are set forth. 


Configurations and Method of Analysis 

The configurations in Fig. 2 have been selected as 
being indicative of practical trends toward bodies of 
increasing ballistic coefficient W/CpA. This choice 
also permits a study of the distribution of flow 
properties in the presence of different nose shapes 
and drag coefficients. A summary of computed 
cases is presented in Table 1; these have been se- 
lected in order to permit cross checks of conclusions 
related to various effects of interest. 

In all cases numerical determination of the flow 
field has been carried out along the following lines: 
The subsonic and transonic regions of the flow have 
been determined by using a previously described 
method.’ Shock shapes about the spherical ‘noses 
have been estimated and described by the equation 


x = ay’ + by (1) 
(Continued on page 80) 
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Fig. 1. Comparison between predicted and experimental 
pressure distributions on cylindrical afterbodies capped by var- 


ious blunt noses. (Data from reference 6.) 


Fig. 2. Configurations analyzed in present report. 


Fig. 3. Schematic diagram and notation used in’ analysis 
jump conditions across a shock wave. 


Fig. 4. Typical computed flow patterns (Case No. 12). 
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Vehicle Design 


Fig. 1. Bell XV-3 in hovering flight. 


a COMMON with all other types of aircraft, future 
V/STOL aircraft must exhibit reasonable opera- 
tional characteristics if they are to be accepted for 
general use. In many of the current V/STOL con- 
figurations, the major development effort has been 
directed toward achieving vertical take-off in an 
airplane that is primarily configured for high-speed 
flight. As a consequence, the equally important 
operational characteristics in the critical low-speed 
flight regime have frequently been given little 
consideration. 

In contrast to this approach, the aircraft detailed 
in this paper has, from its conception, been based on 
developing a VTOL type with inherently good flight 
and operational characteristics in the critical hover, 
low-speed and transition flight conditions and, at 
the same time, obtaining satisfactory cruise efli- 
ciency and high-speed flight characteristics by 
means of suitable technical design provisions. This 
approach led to the selection of the fixed-wing, low- 
disc-loading VTOL configuration as offering the 
optimum combination of operational and perform- 
ance characteristics over the entire flight spectrum 

The resulting aircraft is the XV-3, a prototype 
V/STOL design developed for the U.S. Army. It 
uses relatively large diameter, lightly loaded prop- 
rotors, mounted near the tips of the fixed wing, for 
both hovering lift and high-speed propulsion. The 
prop-rotor axes are rotated forward through 90 
for conversion from helicopter to airplane mode of 
flight. Figs. 1 and 2 show the XV-3 in hovering and 
in airplane cruise flight. 

An extensive series of flight and wind tunnel tests 
have been conducted by the manufacturer, the U.S. 
Air Force, and the NASA to define the operational 
characteristics of the XV-3 in all flight regimes. 
The results of these tests, including the problem 
areas that have been uncovered, are discussed in this 
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XV-3 Low-Disc-Loading 


C.E. Davis e R.L. Lichten, AFIAS 


Bell Helicopter Company 


paper. Where available, pertinent results of tests 
on other V/STOL configurations are compared with 
those obtained on the XV-3. 


in three general categories: 


Results are presented 


|. Performance Considerations—These include 
hovering efficiency, high-speed propulsive efficiency, 
and operating economy. 


2. Handling Qualities—Aircraft stability, control 


Mr. Davis is Project Engineer on the XV-3. 
He received a B.S. in Mechan.cal Engineer- 
ing from The University of Texas in 1951, 
and an M.S. in Mechanical Engineering from 
Southern Methodist University. He joined 
Bell Helicopter Company as an engineering 
designer in 1951 and progressed through 
— various assignments. In 1957 Mr. Davis 
was appointed Assistant Project Engineer cn 
the XV-3 Convertiplane, and was promoted 
“S to his present pcsition cf Project Engineer 
4 on the XV-3 in 1959. In this capacity, he 
is responsible for the XV-3 development 
program including the Air Force Phase Il and NASA evaluatisn tests. 
He is a Registered Professional Engineer and a member cf Tau Beta Pi 
and Pi Tau Sigma honorary engineering societies. 


@ 


Mr. Lichten is Chief Experimental Project 
Engineer. He received a B.S. in Aero- 
nautical Engineering from M.I.T. in 1943, 
and was a research assistant in the M.I.T. 
Flutter Laboratory. In 1944 he entered the 
helicopter industry at Platt LePage and 
later Kellett. After a private venture in 
the development of a new type cf VTOL 
aircraft in 1946-47, Mr. Lichten joined Bell 
in 1948, serving as Project Engineer on the 
Navy HTL-3 and the Army XV-3._ His 
present area of responsibility covers pre- 
liminary design, research, aerodynamics, 
dynamics, computing, and experimental! 
aircraft project. The latter have included all initial development 
versions of the XH-13F, the first U.S. turbine-powered helicopter to 
enter production. Author of numerous technical papers on helicopter 
and VTOL aircraft designs, he received the Klemin Award, highest 
honor bestowed by the American Helicopter Society in 1959. He is 
currently a member of the NASA Committee on Aircraft Aerodynamics, 
and the IAS Aerospace Technology Panel for Vehicle Design, and is a 
private pilot with helicopter and light aeroplane ratings. 
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V/STOL Aircraft Flight Test Experience 


4 


Development of a VTOL type craft with inherently good flight and 


operational characteristics in the critical hover, low-speed and transition flight 


conditions is detailed. 


It is believed that a fixed-wing, low-disc-loading VTOL 


configuration offers an optimum combination of operational and performance 


characteristics over the entire flight spectrum. 


power and damping, and relative complexity of 
flight in all regimes are included in this category. 

3. Operational Characteristics—Included in these 
are safety considerations, comfort, and environ- 
mental characteristics. 


Performance Considerations 


Typical VTOL aircraft designs have generally 
been considered to trade hovering lift efficiency for 
high cruising speed capability as indicated by the 
curve shown in Fig. 3. The values shown apply to 
designs with sufficient installed engine power to 
provide reasonable hover performance for altitude 
and hot-day operation. Helicopter characteristics 
are indicated by the upper left shaded area of this 
curve. It can be seen that conventional and com- 
pound helicopters have good hovering efficiency. 
This can be attributed to their large diameter, lightly 
loaded lifting rotors. Their cruising speed is severely 
limited by both the high drag of their large rotors 
and rotor operational limitations such as advancing 
blade compressibility and retreating blade stall. 

Typical VTOL aircraft designs such as the tilt- 
wing, deflected slipstream, and ducted fan configura- 
tions generally have characteristics as indicated on 
the central shaded area of the curve. Their direct 
lift efficiency is considerably lower because, they em- 
ploy relatively small-diameter, highly loaded propel- 
lers for hovering flight. Their cruising’ ‘speed is 
reasonably high because drag may be kept low by 
clean design and rotor operational limitations 
avoided by tilting the propellers forward into con- 
ventional airplane position for cruising flight. 

The jet configurations, indicated by the shaded 
area at the lower right end of the curve, have the 
poorest hovering efficiency and the highest cruise 
speed. These aircraft use very small-diameter high- 
velocity diverted jet exhausts for hovering, and 


convert to a very clean configuration for cruise. 

The curve of Fig. 3, while it is indicative of the per- 
formance of the configurations noted, does not repre- 
sent an inherent characteristic of all VTOL designs. 
In fact, the XV-3 was conceived as a design which 
would surpass this general trend by a considerable 
margin, preserving the high hovering lift efficiency 
of lightly loaded prop-rotors for vertical flight and 
converting these prop-rotors into an efficient low- 
drag airplane configuration for cruise flight. The 
resulting trade-off between vertical lift efficiency 
and cruise speed is shown as the additional shaded 
area in Fig. 4. 

The direct lift performance indicated by this area 
is not at all exceptional, being typical of prop-rotors 
with disc loadings between 5 and 15 lb/sq ft. Some 
direct lift loss due to downwash impingement on the 
fixed wing may be expected with the tilting prop- 
rotor configuration. Model tests and calculated 
data have shown that this loss ranges between 4 
percent and 8 percent of total lift, depending on air- 
craft design configuration. The lower value, which 
is close to the 3 percent download of typical heli- 
copter designs, may be ap- (Continued on page 48) 


Fig. 2. Bell XV-3 in airplane flight. 
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Structures & Materials 


Thermal-Stress Analysis © 


| Sandwich-Type 


Cylindrical Shells by the Cross Method 


John C. Yao, Douglas Aircraft Company 


cylindrical shells of sandwich-construc- 
tion are usually more stable, lighter in weight, and 
have better thermal insulation qualities than other 
type shells. However, in the design of sandwich 
shells, the thermal stress problem becomes more 
important. In addition to the usual tangential 
and longitudinal stresses, the radial stress may be 
critical inasmuch as it may tear the bond between 
the facing and core layers of the sandwich. 

The investigation of long cylindrical composite 
bodies having radial temperature variation was 
first given by Gatewood.' Kolosov Equations? 
were used and the solutions were derived from the 
heat function together with Airy’s stress function. 
In this paper, the time-independent, axially symme- 
trical thermal stress problem in the long sandwich 
type cylindrical shell will be handled by the moment 
distribution method developed by Hardy Cross.* 

Each layer of the sandwich is allowed free thermal 
expansion and the stresses are computed by the 
solution of Duhamel.‘ This free expansion will 
create an opening or interference between the layers, 
and additional intersurface stresses between layers 
are sumperimposed to eliminate the discontinuities. 
Using the Hardy Cross Method, the discontinuities 


This work was carried out at the Research and Develop- 
ment Group, Structures Section, Missiles and Space 
Division, Douglas Aircraft Company, Santa Monica, Calif. 
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Symbols 
¢ 
u 
on" 
} 
( 
» dy, 


radial, circumferential and axial co-ordinate 
of the cylinder respectively 

radii of the outer and inner surfaces of the nth 
layer of the sandwich, Fig. 4 (count m from 
inside) 

radial thermal displacement for single layer 
in free expansion 

u* at a,, and a,; respectively for the mth layer 

stresses in the r and @ directions due to u* 

uniform tension at @,,, @,; respectively for 
restoring continuity between layers 

radial displacement due to q,, Or qd); 

stresses in the r and 6 directions respectively 
due to dno OF 


u at a,, and a,, respectively 


= “softness” factors for the mth layer, see Eqs 


(5), (7) 

“carry-over” factors for the mth layer, see 
Eqs. (5), (7) 

“‘distribution”’ factors for the mth layer, see 
Eq. (12) 


’(n,n + 1) = relative displacement between the inter 


surface of the mth and (m + 1)th layers 
(positive for opening) 

Young’s modulus, Poisson’s ratio, coefficient o! 
thermal expansion for the mth layer 

temperature 

+ u) 


= + 
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shell. 


Fig. 1. 


between neighboring layers are eliminated one at a 
time. This process of successive corrections is con- 
using the Cross 
Method,® the exact solution can be obtained after 
The stresses set up by 
these additional intersurface stresses are added to 


vergent. By modified direct 


one cycle of “distribution.” 


the stresses caused by free thermal expansion to 
obtain the resultant stresses. 


General Solution 


Thermal Stresses in a Single Layer Cylinder, Free of 
Surface Stresses 


Since the conditions at the ends of the long cylinder 
can be corrected by the method of superposition, we 
assume without losing generality that the strain 


in the axial direction is zero. The temperature is 


Dr. Yao is a design engineer. He received 
his M.S. degree in civil engineering at the 
University of Michigan in 1949, and his 
Ph.D. in civil engineering at Illinois Institute 
of Technology in 1959. He has been as- 
sociated with the building industry as a 
structural engineer for some ten years. Dr. 
Yao is currently working with the Research 
and Development Group of the Structures 
Section, Douglas Missiles and Space Systems. 
He has been engaged in studies relating to 
the buckling problems of monocoque and 
sandwich shells, thermal stress analysis and 
structural dynamics. 


The Hardy Cross Method originally developed to solve continuous frames problems is 


introduced for the first time to determine thermal stresses in sandwich-type cylindrical 


The Cross Method is time saving and gives exact solution. 


Fig. 2. 
—T 
’ 
4 
Fig. 3. 
AYER 3 


taken to be symmetrical about the z-axis, and inde- 
pendent of the z co-ordinate and time. 

If both the inner and outer surfaces of the mth 
layer of the sandwich cylinder are free of surface 
stresses, then its thermal radial displacement and 
stresses are obtained as follows': 

(Continued on page 88) 
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The X-15 (Continued from page 1 3) 


156 db at the horizontal stabilizer posi 
tion. 

With the selection of the engine, an 
airplane layout was determined that 
would attain the desired performance 
(Fig. 8). A 5-percent-thick wing, of 
modified hexagonal airfoil section, with 
a rounded leading edge and a blunt 
trailing edge, an aspect ratio of 2.5, 
and a 25-deg sweep angle was chosen. 
The fuselage is composed of the pilot’s 
compartment, fuel and oxidizer tanks, 
and the engine compartment. All con 
trol cables, electrical leads and hy 
draulic lines, and other plumbing are 
routed in tunnels on the outside of 
the circular fuselage section. 

With a propellant weight of 18,300 
Ibs, the launching weight became 31,275 
Ibs. The length of the vehicle is 
roughly twice the span of the wing. 

Pitch control is obtained through the 
symmetrical deflection of both hori- 
zontal stabilizers, and roll control is 
obtained by differential motion of the 
same stabilizer surfaces. We call this, 
therefore, a rolling tail. The hori 
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NOCTILUCENT 
CLOUDS 


—— AURORAE 


Mach numbers. Wind-tunnel 
showed, however, that the aft portion 
of the diamond was not efficient in pro- 
ducing the required stability. Thus, 
the vertical tail sections were made into 
full 10-deg wedge sections. On both 
the upper and lower surfaces, the inner 
portion is fixed and the outer portion 
is moved as a unit by the 
thus giving extremely 
tional control. 

To provide satisfactory landing at 
titude, it is necessary to jettison the 
lower section of the ventral fin. This 
is done by explosive charges, triggered 
by landing-gear extension, or by pilot 
switch. A parachute automatically 
opens and lowers this tail section to the 
ground, virtually undamaged. The in- 
board portions of the verticals are 
hinged at the 60 percent element and 
are utilized as speed brakes, which are 
essential for speed control and, therefore, 
temperature control during re-entry. 

The main landing gear is made up of 
two boat-shaped steel skids 
retracted close to the fuselage 


tests, 


rudder pedals, 
effective direc- 


that are 
while in 


IONOSPHERE 


TROPOSPHERE | VEL 


Fig. 1. 


zontal surfaces are 5 percent thick, 
of the same airfoil section as the wing, 
and possess a cathedral of 15 deg to 
locate the surface clear of the wing wake. 
Landing flaps are provided in the trail- 
ing edge of the wing to reduce the air- 
plane attitude on landing and to pro- 
vide a small increase in maximum lift. 
The vertical tail is quite unique. The 
combination of high Mach number and 
angle of attack made the directional 
stability and control problem acute. 
For satisfactory directional stability, 
it was necessary to provide a ventral 
underneath the fuselage in addition 
to the upper vertical. The vertical 
tail surfaces were originally a 10-deg 
double-wedge airfoil of 11 percent thick- 
ness to achieve directional stability at 
small angles of yaw at highest flight 
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X-15, research in space. 


August 1961 


flight, and are 
and airloads. 


extended by gravity 
The skids are mounted 
on inflexible struts with an air-oil shock 
absorber attached to the upper end, 
which permits some outward rotation 
when the weight of the airplane is on 
the landing gear. The nose gear is a 
conventional, nonsteerable, dual-wheel 
type, to provide directional stability 
on the ground. Neither main gear nor 
nose gear can be retracted by the pilot, 
but must be retracted manually by 
ground personnel. 

The canopy is a very minimum pro- 
jection above the fuselage mold line, 
but provides adequate over-the-nose 
visibility through the V-shaped wind- 
shield for the landing. 

In accordance with our policy of pro- 
viding good maintainability, numerous 
points of access to the equipment in the 
X-15 were designed into the structure 
(Fig. 9). Here you have a good view 
of the tunnels on the side of the fuselage. 

Although past research aircraft have 
been carried aloft partially submerged 
in the bomb bay of modified Air Force 
bombers, such as the B-29, it was de- 
cided to utilize the advantages of high- 
altitude, high-speed launch available 
with the B-52, and attach the X-15 
under the right wing by a specially 
designed pylon (Fig. 10). This loca- 
tion required careful study of the aero- 
dynamic interference factors and the 
launch path of the X-15. The location 
of the airplane on the wing of the B-52 
meant that the pilot had to be in the 
cockpit before taxiing out, whereas, in 
the past research aircraft, the pilot 
entered the test airplane from the bomb 
bay after reaching a specific altitude. 
The X-15 was located, therefore, in such 
a position that the pilot could use the 
ejection seat to clear the wing leading 
edge and all other obstructions, thus 
providing the necessary safety in the 
event of trouble. Note the blister on 
the B-52 fuselage for viewing and pho- 
tographing the X-15. 

Many captive flights 


been 
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He’s solving 
a real estate 
problem 


This AMF engineer’s job is deter- 
mining how best to move big missiles 
off shore for launching. Should they 
be floated out horizontally, flooded 
to an upright position, and then 
launched? Or, would it be more fea- 
sible to barge them out? Might they 
-»% be moved to or assembled on “Texas 
; Towers,” or would a causeway or 
simply land-fill be the answer? 
Behind the project is our shrinking 
real estate at launching sites, plus the 
hazards inherent in launching Sat- 
urn-sized missiles (and the coming, 
nuclear-powered missiles) near other 
installations. Off-shore launching 
may be the answer. 


Feasibility studies of all types are 
an AMF specialty. What kind of 
remotely controlled machinery is 
required to service nuclear-powered 
aircraft? What kind of habitation 
could be built on (or under) the sur- 
face of the moon? What sort of 
machines (manned and unmanned) 
could survey the moon’s surface 
without, for example, falling into a 
fissure? What is the best way to 
assemble a space station? All these 
are problems AMF engineers are 
presently investigating. 

If your problem is the first of its 
kind, AMF will not, of course, have 
met it before. But AMF’s long expe- 
rience in accepting totally unique 
challenges gives it an advantage 
enjoyed by few other organizations 
concerned with ground support, 
launchability and space environ- 
ment. To get further information 
write American Machine & Foundry 
Company, 261 Madison Avenue, 
New York 16, N. Y. 


eering andwmanufacturing AMF has ingenuity AMERICAN MACHINE & FOUNDRY COMPANY 
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@ Maximum velocity, 6,600 fps enc\ 
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| @ Representative primary structure should experience | annul 
| temperature of 1,200°F ie. 
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heating rates of 30 Btu/sq ft/sec er hy 
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is fueled for a launch, and it is sub- Fu to f 
sequently decided to return to base, all mel 2 und 
propellants are jettisoned before landing in 
(Fig. 11). sup} 
As mentioned before, the main fuse- Fl WN tan! 
lage of the X-15 is formed by the pro- pre 
pellant tanks themselves (Fig. 12). 
The liquid-oxygen tank in the forward hyd 
section is an annular-type tank with F6S 
torus-shaped bulkheads and is separated oni £55 re ope 
into three compartments. This tank / aux 
contains 1,034 gal of liquid-oxygen at FS aus 
—313°F at launch. In the center of the to 1 
annular ring is a tank containing high- FAS FAO FIT dri 
pressure gaseous helium. Other helium Fa F80 tric 
tanks, spherical in shape, are located Fig. 9. X-15 access. (Odd numbers indicate corresponding access doors on left side.) sis 
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throughout for use as source pressure, 
engine purge, control gas, and emer- 
gency jettison. 

The ammonia tank combines an 
annular tank and a core tank, contain- 
ing a total of 1,445 gal. To the rear of 
the ammonia tank is a spherical tank 
for hydrogen peroxide, having a total 
capacity of 77.5 gal. The tank in- 
corporates a swivel-type pickup feed 
line that permits positive feeding re- 
gardless of airplane attitude. A com- 
bination vent pressure relief and tank 
pressurization valve is mounted on 
top of the tank. When the engines are 
not in operation, the system is vented 
to atmosphere, and when engine starting 
sequence is begun, the system is pres- 
surized by helium gas, forcing the per- 
oxide to gas generators which provide 
steam power for turbopump operation. 
There is also a jettison valve which 
permits the peroxide to be forcibly 
expelled overboard by the helium gas 
pressure. Just forward of the liquid- 
oxygen tank, we have located the aux- 
iliary power units and the equipment 
bay which contains instrumentation. 

A supply of liquid nitrogen for the 
cooling system is contained in one tank 
just forward of the liquid-oxygen tank. 
Helium gas forces the liquid oxygen 
Fig. 13) from the first compartment 
back into the second, into the third, and 
out the rear of the tank to the turbo- 
pump or the jettison line. The am- 
monia is forced from the rear and center 
ompartments toward the forward com- 
partment in a similar manner. Note 
the vent, pressure relief, and jettison 
provisions for each tank. The jettison 
tubes empty directly behind the tunnels 
at the side of the engine. 

Since considerable liquid oxygen 
boils off during taxi, climb, and cruise 
to the launch point, it is necessary to 
carry additional liquid oxygen in the 
B-52 mother airplane (Fig. 14). This 
tankage is used to top off the liquid- 
oxygen tanks in the X-15 just before 
launch. Two liquid-oxygen tanks are 
utilized, one called cruise tank and the 
other called climb-out tank. Again, 
spherical tanks of helium furnish gas 
to force the liquid oxygen into the X-15 
under pressure. Float level valves 
in the X-15 automatically shut off 
supply when the tanks are full. One 
thousand gallons are contained in the 
cruise tank, with 500 gal in the climb 
tank. This is sufficient to provide a 
prelaunch cruise of about 2 hours. 

Since the X-15 utilizes considerable 
hydraulic power and electric power, 
even after the rocket engine ceases to 
operate, it was necessary to install 
auxiliary power units (Fig. 15). To 
ensure complete safety, it was decided 
to install two power units side by side, 
driving independent hydraulic and elec- 
tric systems. Thus, a _ partial or 
complete failure of one power system 


does not prevent the airplane from con- 
tinuing the flight. Manufactured by 
General Electric, these units are com- 
pletely automatic and employ constant- 
speed turbodrive machinery. Fuel for 
each APU is provided by an independent 
feed system using helium pressure to 
move the monopropellant hydrogen 
peroxide. Each power unit is started 
and stopped by a switch in the cockpit 
and furnishes half of the electric or 
hydraulic power required. Automatic 
shutoff for an overspeed condition is 
provided. After passing through a flow 
control valve, the hydrogen peroxide 
enters a decomposition chamber con- 
taining a catalyst bed made up of a series 
of silver and stainless steel screens which 
decompose the peroxide into super- 
heated steam and free oxygen. This 
steam and oxygen mixture enters a 
nozzle box and drives the turbine. Ni- 
trogen gas is introduced into the upper 
turbine bearing area for cooling. 

To make sure that the peroxide will 
be fed out of the supply tank under zero 
or negative-g conditions, a collapsible 
bladder is used to line the tank. The 
helium pressure operates on the outside 
of the bladder, forcing the peroxide 
out regardless of gravity condition. 

Two alternator-type generators fur- 
nish 400-cycle, 115-volt power to the 
primary buses. If one generator fails, 
the other generator automatically sup- 
plies power to both a.c. buses. Two 
transformer rectifiers are used to pro- 
vide a 24-volt d.c. electrical system for 
other essential equipment. 

The airplane contains two 3,000 psi 
hydraulic systems, independent of each 
other but operating simultaneously. 
Hydraulic systems supply power for 
operation of the flight control system, 
speed brakes, and wing flaps. Dual, 
tandem hydraulic actuators are used 
so that failure of one hydraulic system 
will still permit the other system to 
operate the various units. 

Above the atmosphere, of course, 
there is no aerodynamic control and the 
body moves in a ballistic curve. How- 
ever, the airplane must be properly 
oriented when the atmosphere is re- 
entered. To accomplish this orienta- 
tion, we use the reaction jets in the nose 
for pitch and yaw and in the wing tips 
for roll control (Fig. 16). 

The peroxide portion of the APU 
circuit is used to supply these reaction 
jets. Again, the peroxide under gas 
pressure is forced through catalyst 
beds and decomposed into steam and 
oxygen. There are six rockets in each 
of two independent systems, which 
normally operate simultaneously. One 
system includes four rockets in the nose 
for producing yaw and pitch, and two 
left wing rockets. The other system 
contains the four remaining rockets 
in the nose and the two right wing 
rockets for roll control. 
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Text for this advertisement was set photographically 


No statement or suggestion is to be considered a recommenda 
tion or inducement of any use, manufacture or sale that may 
infringe on any patents now or hereafter in existence 


= 
Graphic Reproduction Sales Division | 
EASTMAN KODAK COMPANY | 
Rochester 4, N. Y. | 

Please send me a copy of the booklet, 
“Etching, Chemical Milling and Plating | 
with Kodak Metal-Etch Resist’’ (P-36). | 
| 
| 


c y 


p 


Street 


City 


Zone 


State 


FRADE MARK 


| 
| 
| 
| 
| 
| Name 
| 
| 
| 
| 
| 


Aerospace Engineering 29 


BS 
| 
a 
j 
F2 | 
| 


Fig. 10. 


Fig. 11. 


The unique features of the X-15 
cockpit are the ballistic control handle 
on the left console (Fig. 17) and the side 
stick aerodynamic control on the right 
console (Fig. 18). Movement of the 
ballistic control stick opens the metering 
valves, allowing peroxide to enter 
selected rockets. The motion of this 
control is such that a down motion of 
the control causes operation of the two 
rockets in the top of the nose section 
and pitches the airplane down. Yaw 
control is obtained by direct left or 
right movements of the stick, and roll 
control is obtained by simple wrist 
rotation. Stick force gradients are 
maintained for all three axes of opera- 
tion by spring bungees. 

The side console stick enables the 
pilot to control the airplane easily 
throughout the periods of high longi- 
tudinal and vertical accelerations when 
the weight of his hand might cause 
motion of the normal center stick. 
The right arm of the pilot is kept on 
the arm rest, and movements of the 
wrist are used for control. This side 
stick is coupled to the center stick 
linkage through pitch and roll hy- 
draulic boost actuators to reduce stick 
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forces and synchronize displacements. 
The console stick also has a pitch trim 
knob and a microphone button 

The aerodynamic flight control sys- 
tem incorporates hydraulically actuated 
yaw, pitch, and roll control cylinders. 
The system is irreversible with arti 
ficial feel furnished by bungee springs. 

The stability augmentation system 
provides damping inputs to the aerody 
namic flight control system about all 
three axes. 


system are a three-axis gyro, scrvo 
cylinders, and _ pilot-controlled gain 
selector switches. An interaction of the 
yaw and roll damping control circuits 
is provided, whereby signals from the 
yaw axis of the gyro are fed into the 
roll circuit to augment roll damping. 
This is appropriately referred to as the 
“var” control. 

In addition to the normal flight in- 
struments, the pilot’s panel contains 
indicators for inertial attitude, velocity, 
and height, which are driven from a 
gyro-stabilized platform. These are 
included to furnish the pilot with neces- 
sary orientation information in his 
space environment when low air den- 
sity makes conventional flight instru- 
ments inaccurate. The B-52 mother 
airplane has the necessary equipment 
to supply proper inertial conditions to a 
computer and thus align and stabilize 
the platform before launch. The sys- 
tem then dead-reckons from the launch 
point. 

Cockpit air-conditioning and _pres- 
surization are furnished by a ram-air 
system used from take-off to prelaunch, 
or a liquid-nitrogen system used during 
X-15 flight (Fig. 19). The ram-air 
system does not pressurize the cockpit, 
but will furnish adequate cooling. 
The nitrogen system cools and _pres- 
surizes simultaneously. Helium gas is 
used to force the liquid nitrogen out of 
a segmented container and into a sys- 
tem of injectors where it becomes 
gaseous. Schematically, the gas is 
shown here as coming off the top of the 
tank. A mixing chamber and_ blower 
are used to mix and recirculate the 
gaseous nitrogen continuously. Thermo- 
stats are used to control the tempera- 
ture by regulating the flow of nitrogen 
vapor. 

The pilot’s full pressure suit is ven- 
tilated and pressurized by gaseous 
nitrogen. If cockpit pressure should 
fail, the nitrogen supply will pressurize 
the suit to maintain 35,000-ft environ- 
ment. The temperature of the gaseous 
flow to the suit may also be warmed by 
a small electric heater. Windshield 


Major components of the frost and fogging are eliminated by 
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This AiResearch ultra-high tem- 
perature shutoff valve has been 
tested at 6000°F. Its development 
makes possible the use of secondary 
injection thrust vector control for 
greater simplicity and reliability. 

This high temperature capability is 
an extension of previous AiResearch 
valve and controls experience in the 
—423 to 2000°F range, 


THE 


Major breakthrough for 
missile secondary injection 
guidance systems 


and further demonstrates over-all 
capability in the design of complete 
missile and ground support systems. 
An inline poppet valve of extremely 
clean design has been produced to 
handle the high speed flow of hot, con- 
taminated gas ducted from the com- 
bustion chamber to the exhaust nozzle. 
This design will: (1) keep lodging of 
contaminants to a minimum; (2) re- 


duce turbulence and uneven wear; and 
(3) permit only a small pressure drop 
across the valve at maximum flow. 
Growth into high temperature 
ranges can be accomplished by changes 
in material without changes in the 
basic valve design. The extreme com- 
pactness and light weight of the valve 
make it ideally suited for installation 
in the isentropic spike of a plug nozzle. 


¢ Please direct inquiries to Control Systems Project, Phoenix Division 


AiResearch Manufacturing Divisions 


Los Angeles 45, California * Phoenix, Arizona 
Systems and Components for: A\RCRAFT, MISSILE, SPACECRAFT, ELECTRONIC, NUCLEAR AND INDUSTRIAL APPLICATIONS 
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Fig. 13. 


Propellant supply system. 
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of the temperature control system, fiber- 
glass and aluminum foil are used as an 
insulation blanket around the cockpit 
area, thus maintaining inner wall tem- 
peratures at an acceptable level (Fig. 
20). 

The ejection seat was discussed by 
James Hegenwald of North American 
Aviation at the May 1959 meeting of 
AGARD in Athens, Greece. (The in- 
terested reader is referred to Report No. 
243 of the AGARD group 
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Fig. 14. B-52 LOX top-off 
system. 
Fig. 15. APU and BCS feed 


system (HeO» and He). 
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Fig. 16. 


Ballistic control. 


diverting some of this heated nitrogen 
to the area between the windshield 
glass panels, in addition to electric 
heating of the inner glass. 

Nitrogen gas also cools the APU 
bearings, pressurizes the hydraulic res- 
ervoir, and inflates the canopy seal. 

To reduce the cooling requiréments 
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We have used some old equipment in 
new ways—for example, a_ rocket- 
propelled seat that has all the comforts 
of home and hearth (Fig. 21 

The ejection seat (Fig. 22) permits 
safe pilot ejection up to Mach 4 in any 
attitude and at any altitude up to 
120,000 ft. It has also been demon- 
strated to give satisfactory ejections at 
sea level as low as 90 knots airspeed. A 
ballistic rocket-type catapult supplies 
the ejection force, and stabilizing fins 
and booms automatically extend to 
stabilize the seat. Unlatching and 
raising either.ejection handle on the 
seat fires the canopy remover, which, 
as it leaves the airplane, fires the seat 
catapult. 

The pilot’s parachute is carried in a 
container attached to the pilot’s inte- 
grated harness with the pilot chute in a 
separate container. 


August 1961 


The MC-2 full-pressure suit was 
modified for the X-15 airplane and has 
the restraining straps and parachute 
harness designed as an integral part of 
the suit (Fig. 23). A neck seal is used 
to keep the suit pressurization of ni- 
trogen and breathing oxygen separated, 
The nitrogen flow through the suit also 
serves to cool the pilot’s body. The 
oxygen regulator, suit pressure reg. 
ulator, anti-g valve, and emergency 
oxygen supply are attached to the back 
of the restraining harness. 

The suit itself consists of a number of 
integrated layers, each performing a 
specific function in the complete as- 
sembly. The first piece is a suit of 
lightweight cotton underwear. The 
function of this layer is to allow full 
circulation of ventilation air over the 
body and to provide for evaporation, 
The restraining layer is constructed 
of a unique distorted-angle material 
called “‘link-net” by the manufacturer, 
The ballooning and elongating usually 
associated with an inflated pressure 
suit are controlled by this material, 
The ‘‘link-net”’ material might best be 
described as a slipping torsion net which 
acts something like the old Chinese 
finger puzzle in that, as it elongates, 
the circumference becomes smaller. 
As internal suit pressure increases, it 
tends to shorten the longitudinal di- 
mension. Gloves and _ boots are 
attached to the restraining layer. The 
last layer to be donned, while not re- 
quired for altitude protection, is an 
important part of the assembly. It 
contains an integrated parachute re- 
straint harness, protects the pressure 
suit during routine use, serves as a 
sacrifice garment during high-altitude, 
high-speed bailout, and finally provides 
additional insulation. 

The helmet consists of a fiberglass 
shell with a molded full head liner. 
All helmet oxygen and electrical service 
are internal within the helmet and, 
therefore, are not affected by high-speed 
bailout blast effects. 

To perform its mission as a research 
vehicle, instrumentation must be in- 
stalled as a standard system (Fig. 24). 
It was determined that the usual param- 
eters would be supplemented by 4 
thorough coverage of structural strains, 
temperatures, and deformation quite 
similar to the instrumentation coverage 
and techniques used in previous research 
aircraft by the NASA. 

Approximately 100 strain gages were 
placed in the wing and tail sections, 
and about 800 temperature and pressure 
pickups were installed in the selected 
areas for research and _ operational 
monitoring purposes (Fig. 25). 


Materials and Fabrication 


One of the basic purposes of the X-15 
flight program was to obtain experience 
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In Navy’s Polaris missile system—a major contribution to free 
world defense—it’s a matter of ‘‘as the submarine goes, so goes 
the missile.”’ 

Navigation systems manager for this deterrent weapon, 
Sperry has evolved a system which provides the navigational 
accuracies required over the weeks and months a submarine 
is submerged. An inertial guidance system, double checked 
by a complex of instruments and master computer, not only 
« |guides the submarine and pinpoints its position, but telegraphs 
= |directly into the missile the exacting data needed to start it on 
x \its way. Thus has navigation been called the key to undersea 


ee firings: one degree error in the sub’s heading means a 20-mile 


‘\miss for the missile. General offices: Great Neck, N. Y. 


> 
= 
the r Sperry contributions to deterrent weapons: precision acquisition, tracking and guidance 
fadars for Navy's Terrier and Talos: missiles; bomb-nav system for USAF’s B-58; Army's 
ergeant missile system; Sperry’s Polaris submarine navigation simulator (main illustration 
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Fig. 20. Insulation blanket (reduces cooling 
requirements of temperature control system and 
maintains inner wall temperature to acceptable 
level). 


Fig. 21. 


New uses for, old equipment. 
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Fig. 18. 
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Fig. 19. Air conditioning 
and pressurization. 
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Fig. 22. X-15 ejection seat. 
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Fig. 23. 


Accelerations 

Attitude angles 

Angular velocities 

Control positions and forces 


Engine pressures and temperatures 


Structural 
and deformations 


strains, 


X and the web is titanium. The effect 
of internal radiation on peak tempera- 
tures is quite significant. A large 
portion of the fuselage and the propul- 
sion tank bulkheads are fabricated from 
Inconel, while the outside skin is formed 
of Inconel X, which is a heat-treated 
nickel alloy. The wing and tail sur- 
faces are formed from Inconel X, and 
certain portions of internal structure 
of the airplane, where temperatures 
are lower, are formed of titanium. 

Forming of titanium presents prob- 
lems with surface cracking, and it 
is necessary to anneal the part im- 
mediately after forming. Spinning was 
accomplished by heating the tools and 
the part during the operation. Nickel 
alloys must also be annealed between 
successive forming operations. Many 
portions of the structure are welded 
using special fixtures. Both resistance 
and fusion welding are used (Fig. 28). 
All fusion welding was done before heat 
treatment, and, therefore, some elab- 
orate fixtures were needed for control of 
contour during the heat-treating cycle. 
An important technique to control 
weight is material removal by a chemical 
etching process called ‘‘chem-milling.” 
This process has been used extensively 
on the X-15 for both the nickel and 
titanium alloys. 


Substitution of XLR-11 Engine 


Because of the delays in the develop- 


temperatures, 
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Air temperature 
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Fig. 24. 


t high levels of structural tempera- 
tures. In the re-entry condition at 
high speeds, portions of the airplane 
will reach temperatures as high as 
1,200°F (Fig. 26). As would be ex- 
pected, the sharp leading edges of the 
fuselage, wings, and tail are heated to 
the highest temperatures. It is ex- 
pected that the windshield bow in front 
f the pilot’s face will glow cherry red 
80 the cabin cooling system must do its 
job well 

To withstand these temperatures, it 
Was necessary to use materials never 
before fabricated for aircraft (Fig. 27). 
Note that the leading edge is Inconel 


Measurements required for X-15. 
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Fig. 25. Research instrumentation. 


ment of the XLR-99 engine, it was 
decided to proceed with the initial 
flights of the X-15 using two of the 
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is eight miles from the city limits 
of beautiful Atlanta. Due to its 
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Atlanta-Marietta area enjoy a year- 
round climate unparalleled in the 
East. 


Combine work in an exciting pro- 
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X-15 aerodynamic heating. 


XLR-11 engines (Fig. 29). These en- 
gines, with a total thrust of 16,000 Ibs, 
are fitted neatly into the fuselage. 
They were adequate enough to begin 
initial testing of the airplane and its 


systems. Note the cutout in the 
B-52 flap for the X-15 tail. Quite 
satisfactory performance can be ob- 


tained, however, even with the limited 
thrust of these engines. A maximum 
Mach number of 3.3 altitude of 
136,500 ft have been attained, but not 


and 


Fig. 27. Effect of internal 

radiation on leading-edge- 

structure temperatures 
(speed mission). 
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it Fig. 28. Fuselage construc- 
tion. 
Fig. 29 XLR-11 engine 
installation. 
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simultaneously (Fig. 30). Flight sim. 
ulation equipment for X-15 pilot train. 
ing is shown in Figs. 31 and 32. 

Air launch advantages of the X-15 are: 
® Recoverable first-stage booster reduces 
cost. 
© Recall capability results in high prob. 
ability of mission success. 

Result: Maximum effectiveness and 
flexibility per dollar. 


Program Status 


The year 1959 was one of functional, 
reliability, and operational problems 
A total of 15 captive flights and four 
free flights were accomplished with the 
XLR-11 engine. All of the systems 
were checked, improved, and rechecked, 
Operational procedures were rehearsed, 
modified, and polished. 

In 1960, the careful preparation and 
efforts toward improved systems reli- 
ability began to yield results. Thirty- 
six captive flights and 24 free flights 
were made on two air vehicles with the 
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Fig. 30. X-15 research program, XLR-11 engine 
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Fig. 31. X-15 cockpit. 
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Fig. 32. Flight simulation. 
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The development of the thread on a bolt was considered a major engineering achievement. 
It all started with an idea. And the products and processes of the future will also originate with 
ideas from the minds of imaginative engineers. If you are a Senior Engineer qualified by educa- 
tion, experience and native ability to meet challenging assignments, you'll be interested in open- 
ngs that exist now at Boeing/Wichita. Current projects include work on V/STOL, advancing the 
state of the art in Variable Sweep Wing technology, New Product Development, and a complete 
study and analysis of Low Level Operations of high performance aircraft. Openings exist in 
nearly all the Scientific and Engineering technologies e If you have a keen interest in research, 
design and testing, a minimum of five years experience or are working toward or already have an 
advanced degree, we would like to hear from you e For specific information concerning assign- 
ments, career growth and living conditions in Wichita, write immediately in complete confidence 
to Mr. Melvin Vobach, Dept. OA8. The Boeing Company, Wichita Division, Wichita 1, Kansas. 


| qualified applicants will receive consideration for employment without regard to race, creed, color or national origin. 
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XLR-11 engine configuration. In June 
1960, one of these aircraft was removed 
from the test program for installation 
of the XLR-99 engine. Functional 
evaluation of the X-15 with the XLR-99 
engine was completed during this year 
with five captive flights and three free 
flights. 

One X-15 with the XLR-11 engine 
was delivered to NASA in January 1960, 
and rapid progress was made in achiev- 
ing the initial objectives of their test 
program. 

By February 1961, the initial test 
program with the XLR-11 engine had 
been completed, and the aircraft were 
removed from the test program for in- 
stallation of the XLR-99 engine. The 
first aircraft with the XLR-99 engine 
configuration was delivered to NASA 
in February 1961. In the brief time 
span of 4 months, the flight research pro- 
gram with the final engine was well under- 
way with eight captive flights and four 
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free flights. As of this writing, the 
X-15 has reached a speed of 3,690 
mph, or almost six times the speed of 
sound, and an altitude of 169,000 ft. 
By the time you read this article, the 
newspapers will undoubtedly, 
informed you of the attainment of even 
greater altitudes and This 
remarkable machine already had in 
its initial tests carried man higher and 
faster than he had ever been before. 

Since the inception of this flight re- 
search program, a total of 67 captive 
flights and 39 free flights have been 
made. The current program is in 
progress with one aircraft, with the re- 
maining two aircraft scheduled for de- 
livery to NASA within the next few 
months. In the very near future, the 
X-15 should reach its ultimate speeds 
and altitudes, providing data on aircraft 
stability in environment and 
structural temperatures during re-en 
tries to the earth’s atmosphere 


have 


speeds 


space 


(Continued from page | 5) 


negligible and it must be capable of 
operation under zero g condition. This 
zero g environment adds complications 
to the boiling and condensing processes 
and to the operation of the rotating 
machinery within the system. 


Meteoroid Population 


Fig. 2 shows the meteoroid population 
in space near the earth as function of 
meteoroid mass, using data taken from 
a report by Kornhauser.*® 

Based on visual, photographic, and 
radio detection of meteoroids entering 
the earth’s atmosphere, the various 
estimates of frequency of encountering 
meteoroids at each kinetic energy level 
have a spread of about three orders of 
magnitude, depending on the source 
of the estimate. Direct measurements 
made on rocket and satellite flight using 
microphones and wire grid detectors 
have provided a few scattered points in 
relatively poor agreement with the 
extrapolated indirectly measured data. 
United States information, as well as 
Russian data reported to date, are 
plotted in Fig. 2. 

At present, the meteoroid population 
data most widely used in space power 
design to prevent punctures of vulner- 
able surface areas is that reported by 
Whipple. Exposed components (such 
as radiators) presently under develop- 
ment or under consideration for future 
turbomachinery space power supplies 
have large vulnerable areas which re- 
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quire thick metal armor to prevent 
penetration. The designer is here con- 
cerned with meteoroids having masses 
greater than 10~* grams, as shown by 
the depth of penetration scale (Fig. 2). 
Meteoroids of this size fall well within 
the region of telescopic or radio-ob- 
served meteor tracks 

In reference 3 an analysis and dis- 
cussion is also given on meteoroid ero- 
sion. The analysis shows that the 
greatest volume of material is eroded 
away by very tiny meteoroids that have 
masses below 10 grams. For these 
very small meteoroids, the data on im- 
pact frequency obtained from rockets 
and satellites are too scattered for 
application to erosion estimates. The 
problem of meteoroid erosion is recog- 
nized, but accurate evaluation of its 
effect on an exposed surface is not pos- 
sible at this time. Probably the most 
meaningful measurement would be 
direct measurements of loss of thickness 
due to meteoroid erosion 

Because of the very approximate 
nature of the meteoroid data, no correc- 
tion has yet been made for meteoroid 
population as a function of altitude in 
space system design. Similarly, any 
correction for vehicle orbital velocity 
(which is a function of altitude) which 
influences the relative velocity of impact 
is currently omitted as being of minor 
consequence in comparison to the un- 
certainty of the data. 

Finally, only sporadic meteoroids 
have been considered, despite knowledge 
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that the intensity of meteor showers 
may be several orders of magnitude 
greater. The known meteor showers on 
earth are catalogued adequately as t 
time and location and may thus be 
avoided, while the meteor streams which 
do not periodically intersect the earth’s 
path will be detected only through 
future experiments with space vehicles 
at some distance from the earth. 


Effects on Power System 


The anticipated requirement for high 
power systems (100 kw to several mw 
in space has led to intensive study and 
initial development of nuclear turbo 
generators specially designed for opera 
tion in the space environment. The 
environmental factors identified above 
exert major effects upon the thermo 
dynamic cycle determination, materials 
selection, and component mechanical 
design. 
is the subject of the following paragraphs 
in this section. 


Thermodynamic Cycle 


The need for waste heat rejection by 
radiation results in the selection of the 
Rankine vapor cycle for space powef 
systems in preference to the Brayton 
gas cycle. Since the Rankine cycle has 
for a given temperature ratio a much 
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higher thermal efficiency than the 
Brayton cycle, and since heat rejection 
curs at a constant (or nearly constant) 
temperature level, the Rankine cycle 
overwhelming advantage in 
required radiator area for a given peak 
temperature level. This advantage is 
so important that it overrides other 
onsiderations which favor the Brayton 
-ycle 

In the optimization of the Rankine 
cycle for a space power system, it is 
necessary to establish a compromise 
between the conflicting desires for 
minimum radiator area and maximum 
thermal efficiency. The relationship 
among condensing temperature, turbine 
inlet temperature, and radiator area is 
shown in Fig. 3. In these curves, two 
effects stand out—radiator area per kw 
lecreases rapidly with increasing tem- 
perature level, and a condensing tem- 
perature to vaporization temperature 
ratio in the neighborhood of 0.75 results 
in minimum area for a given tempera- 
ture level. 

It may be concluded that a large in- 
centive exists to develop high-tempera- 
ture materials for large space power 
systems in order that the demands for 
increased power capacity can be satis- 
fied within the limitations of projected 
launching vehicles. 


has an 


Materials 


In addition to performing the more 
usual material requirements of sup- 
porting loads and resisting corrosion by 
working fluids, candidate materials for 
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Fig. 6. Cyclone vapor separator. 


plant construction must satisfy special 
requirements imposed by the atmos- 
phere environment of space. 

Excessive evaporation of materials 
must be avoided in the hard vacuum 
of space, and this imposes some re- 
strictions on the material selection and 
can limit the temperature capabilities 
of otherwise useful materials. For 
example, uncoated copper or beryllium 
radiator fin materials are expected to 
evaporate excessively at temperatures 
near 1,500°F. 
fins can possibly be reduced by the ap- 


While evaporation of the | 


plication of nonvolatile, high-emissivity | 


coatings, this imposes special require- 
ments upon the coating materials in 
order to limit the possibility of coating 
defects which would expose the metal 
substrate. As another example of the 
importance of evaporation, alloy prop- 
erties may be changed significantly by 


out-gassing and by the selective removal | 


of alloying elements, as in the case of the 
depletion of chromium from super- 
alloys at elevated temperatures. 

Even at moderate temperatures and 
in the absence of pronounced evapora- 
tion, the space vacuum can have an 
important effect on the mechanical 
behavior of some materials and make the 
prediction of long-time properties dif- 
ficult. For example, it is evident that 
creep-rupture and especially the notched 


rupture properties of some superalloys | 


and steels are significantly different in 
airandinavacuum.® Since most of the 
available design data have been ob- 
tained by testing in air, it is of uncertain 
value with respect to using these mate- 
rials in a hard vacuum. In this case, 
more applicable design data must be 
obtained or a rather large safety factor 
must be provided, which is impractical 
in many space power-plant components. 

While the vacuum of space can impose 


materials problems, it is extremely 


important to recognize that some key 


materials could be affected even more | 


significantly by the residual gases con- 
tained in the near-space environments 
of the planets. This in turn may re- 
strict the selection of materials and limit 
the use of some materials to altitudes 
at which the gas concentration is suf- 
ficiently low to be insignificant, or ulti- 
mately it may require the use of pro- 
tective coatings. 

For the high temperatures anticipated 
in large power plants, the refractory 
alloys are required, and the residual 
gases in the space vacuum can have a 
pronounced effect on their behavior. 
As an example, consider columbium 
alloys which are very promising mate- 
rials on the basis of strength-to-weight, 
fabricability, and corrosion resistance 
to alkali metal working fluids. A 
potential limitation, however, is evident 
in the fact that columbium will absorb 
oxygen at a relatively rapid rate at 
pressures of 3 X 10->mm Hg.’ While 
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such direct experimental results are not 
available for lower oxygen pressures, 
inspection of the thermochemical data 
for columbium oxides indicates that 
oxygen absorption will continue at 
pressures below 107 mm Hg. At such 
low oxygen pressures, however, the 
reaction rate can be expected to be 
sufficiently slow that material proper- 
ties may not be greatly influenced 
during the required lifetime, which is 
on the order of 10,000 hours. 

With respect to columbium, there is a 
serious lack of data with which to de- 
scribe the changes in material properties 
that may accompany prolonged ex- 
ponuee to oxygen at pressures below 
10~° mm Hg. For alloys in particular, 
it will be necessary to examine the 
possible reaction of oxygen with alloy 
constituents, such as zirconium and 
carbon, in terms of the accompanying 
changes in strength and ductility. 
Considering alkali metal corrosion, the 
possibility of oxygen diffusion through 
a columbium alloy and into the alkali 
metal must be examined, inasmuch as 
it is known that the presence of oxygen 
in alkali metals can greatly accelerate 
the corrosion of columbium.® 

While the reaction of columbium with 
oxygen has been used as a specific 
example, similar behavior may be 
expected for other, more abundant, 
refractory metals such as tantalum and 
molybdenum.’ The gaseous diffusion 
rates may be considerably lower in 
molybdenum alloys, but unfortunately 
they are less satisfactory with respect 
to fabricating and joining space power- 
plant components. 

It is evident that all of the external 
power-plant materials must be evaluated 
to ensure that reactions with the gaseous 
constituents of the environment are 
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significant, and it must be expected 
that these reactions will impose sig 
nificant restrictions on the altitudes 


at which power plants can be expected 
to operate successfully for extended 
periods of time. 


System Components 


(1) Boiler 

The significant environmental char 
acteristic that affects this component 
is the low value of the force field which 


introduces unknown flow and _heat- 
transfer phenomena in vapor liquid 
mixtures. The design objective is to 


predict component performance in this 
environment. Inasmuch as this en- 
vironment cannot be readily simulated, 
one design approach is to minimize the 
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Fig. 8. Rotating machinery. 


effect of the external field by adding 
flow devices that introduce high local 
forces within the tube. Such forces 
can be induced by tube inserts such 
as those shown in Fig. 4. It is expected 
that in this way compact heat-transfer 
equipment can be designed with high 
fluid velocities and high heat fluxes. 

The first type of tube insert shown is 
a twisted tape. The tape need not be 
bonded to the tube surface. In such a 
tube configuration, using a 1/4-in.- 
diam. tube, a liquid tangential velocity 
of one ft/sec near the tube wall gives a 
local acceleration force field of about 
three times the standard gravitational 
force (3g). The Zuber correlation! 
indicates that the maximum heat flux 
obtainable is proportional to the 1/4 
power of g. Therefore, it appears that 
such swirling flows could increase allow- 
able design heat fluxes substantially, 
in addition to stabilizing the flow in a 
nongravity environment 

The plug and turning vane insert 
shown in the same figure allows in- 
dependent variation of axial and tan- 
gential velocities. Tubes with the 
orifice insert may be useful in assuring 
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a maximum liquid film on the wall 
The orifice configuration may be easily 
integrated with the plug-turning con. 
figuration to attain, perhaps, a high 
heat-transfer coefficient over a large 
range of flow quality. These types of 
tube configuration are at present being 
investigated experimentally to 
more about their performance. 


learn 


Radiator 


The purpose of this component is t 
reject the waste heat of the thermody 
namic cycle. A typical design (Fig 
5) consists of a large number of small 
diameter tubes connected to headers to 
provide reasonable flow conditions for 
the liquid metal. Bumpers are attached 
to give protection from meteoroid dam- 
age, and fins are used to improve heat- 
transfer effectiveness. A coating is 
applied to the external surfaces of the 
radiator to increase its emissivity and 
further improve its heat-rejection capac 
ity. The rejection of heat is accom. 
plished by direct condensation of the tur. 
bine discharge vapor, or, alt.rnatively 
use can be made of an intermediate con- 
denser and an all-liquid heat-rejection 
system. 

The radiator design must account 
for all of the space environment factors 
previously discussed. Its material of 
construction and surface coating will 
evaporate at high temperature to the 
vacuum of space, but it must have high 
temperature for effective heat transfer 
Its large structure is vulnerable to 
meteoroid penetration or erosion, but 
added material for protection will de- 
crease its heat-transfer capacity. The 
lack of a force field will cause problems 
of flow stability for two-phase con- 
densing and possible vapor carry-over 
to the system. 

The space atmosphere affects the 
radiator in the selection of coating mate- 
rial. This selection must be made on 
the basis of its compatibility with the 
structural material, its ability to im- 
prove characteristics of the surfaces, 
and its low rate of evaporation to space 
at the operating temperature. Metallic 
compounds such as the carbides appear 
to be the most promising and can serve 
not only to improve emissivity, but 
also to prevent evaporation of the metal 
structure. The demonstration of 
specific combinations of structure and 
coating to meet the needs of high-tem- 
perature systems remains a develop- 
ment problem. 


The lack of a gravitational field com- ' 


plicates the fluid flow process, pat- 
ticularly if a condensing radiator 1 
used. The condensation of the vapor 
and the subsequent transport of the 
liquid must be accomplished by the 
shear forces within the liquid vapor 
mixture. Only a limited amount of 
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pressure head is available to provide a 
stable flow condition with maximum 
thermal _ effectiveness. Insufficient 
pressure head may lead to hydrody- 
samic instability or poor thermal per- 
formance which requires excessive sur- 
face area. The use of flow devices, as 
discussed in connection with boiler 
design, which produce force fields within 
the flowing stream may overcome the 
difficulty. 

To further assure satisfactory system 
design, a vapor separator may be used 
to prevent carry-over of vapor to the 
pump inlet. Fig. 6 illustrates the con- 
struction of such a vapor separator. 
High-velocity jets are injected tan- 
gentially through ports in the sides of 
the tank. This primary separator fluid 
is recirculated from the discharge of the 
condensate pump. These jets produce 
a whirling motion of the liquid in the 
tank and ensnre that the whirling fluid 
which is next to the outer walls of the 
tank is liquid phase only, since any vapor 
is centrifugally separated into the center 
of the tank. This ensures that fluid 
leaving the tank is liquid only. 

The two-phase flow problem can be 
eliminated in the radiator by using an 
intermediate compact condenser and an 
all-liquid heat-rejection loop. The con- 
denser can then be designed by using 
tube configurations similar to those dis- 
cussed for the boiler. 

The major problem in radiator design 
is its protection from meteoroid pene- 
tration.'! The large size and thin wall 
tubing in the radiator make it the major 
target and the most difficult to protect. 
The radiator then must be designed 
with a material having sufficient re- 
sistance to protect it with a minimum 
weight for a reasonable reliability ob- 
jective. The reliability objective gen- 
erally used is a 90 percent level of con- 
fidence for completion of a one-year 
mission using the meteoroid population 
suggested by Whipple‘ and the depth of 
penetration correlation developed by 
Kornhauser.* In Fig. 7 the relation- 
ship between probable punctures per 
year and the radiator specific weight is 
shown. The uncertainty of this graph 
is directly related to the accuracy of the 
correlation for meteoroid occurrence. 
Since the variance between observers 
is three orders of magnitude, the ab- 
solute values of vulnerability are quite 
difficult to assess. The need for veri- 
fication of meteoroid occurrence is 
obvious. This, however, is only the 
first step. Understanding must be 
gained of impact damage and its de- 
pendence upon material properties and 
structure geometry. One such program 
has been conducted by the Missile and 
Space Vehicle Department of the Gen- 
eral Electric Company to provide a 
basis for design criteria and a better 
understanding of some of the damage 
mechanics.!2, To obtain the maximum 
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Fig. 9. Internal seal designs. 
(Top: Disc; bottom: annular cup.) 


protection at the least possible weight; 
it has been found desirable to use a 
shielded structure. The shield material 
to be used must necessarily depend upon 
many factors, including the mission 
trajectory, the temperature of opera- 
tion, and fabrication requirements. 
Damage characteristics for optimum 
weight generally appear to be related 
to the modulus of elasticity and density, 
as well as the dimensions of the shield 
and the projectile characteristics. 

[he need for improved information 
on the occurrence of large particles is 
clear and critical to obtain lightweight, 
long-life space radiators for these sys- 
tems 


(3) Rotating Machinery 


Space power system rotating com- 
ponents typically consist of the turbo- 
generator, a hydrodynamic type of con- 
densate pump, mounted on the turbo- 
generator shaft, and an electric-motor- 
driven reactor coolant pump (Fig. 8). 
If a heat exchanger condenser is used, 
a motor-driven condenser coolant pump 
may also be required. The environ- 
mental factor of principal concern in the 
design of the rotating components is 
zero gravity. A problem of secondary 
importance is hermetic sealing of cas- 
ings (particularly at joints involving 
dissimilar materials). Meteorite bom- 
bardment, because of the small exposed 
area and the relatively thick casings, 
can be essentially ignored. Zero grav- 
ity introduces problems of bearing sta- 
bility, bearing seal design, and loop 
and pump inlet pressurization. 

(a) Bearing stability: Space power 
system rotating machinery is susceptible 
to several different types of bearing 
instability “—synchronous whirl (trans- 
lational whirling of the shaft at the 
speed of rotation), critical speed whip 


42 Aerospace Engineering + 


(translational orbiting of the shaft 
at the critical speed, while the shaft 
is rotating at or above twice the critical 
speed), and half-speed or no-load whirl 
(translational whirling of the shaft at a 
speed of half that of shaft rotation, re- 
gardless of what the shaft speed may 
be). Although the use of low-viscosity 
lubricants and high speeds are con- 
tributing factors to the problems of 
bearing stability, the absence of a radial 
bearing load, normally supplied by the 
rotor weight, is of predominant sig- 
nificance. 

Synchronous whirl can be controlled 
by precise balancing, and by the use of 
damping. Whip can be avoided by 
designing for a shaft critical speed which 
is higher than half the running speed. 
No-load half-speed whirl can be pre- 
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vented by the use of devices for creating 
within the bearing a self-equilibrating 
load system. One such scheme is the 
familiar tilting pad bearing. Another 
is the multilobe type of bearing. These 
devices are as yet unproved, and a great 
need exists for bearing design research 
and development in the area of liquid 
metal bearings for space application. 
Current analytical and experimental 
effort on the helical groove bearing is an 
example of advanced work in this field. 
(b) Seal design: of zero 
gravity, normal bearing sumps are com- 
pletely ineffective. The bearing seals 
are, therefore, required to perform not 
only the function of limiting leakage 
along the rotating shaft, but also the 
function of centrifugally scavenging 
bearing lubricant into whirl chambers 
from which it may be returned to the 
circulating pump inlet. Hydrodynamic 
seals (Fig. 9), which take the form either 
of slinger discs or of rotating annular 
cups, are typically employed as bearing 
seals.14 One of the most critical seals 
in the system is the one guarding the 
generator side of the rear turbine bear- 
ing. This seal (Fig. 9) is required to 
prevent the entrance of turbine dis- 
charge vapor and bearing fluid into 
the generator casing space, which is 
maintained at a temperature below that 
of the turbine discharge. Cooled liquid 
from the bearing is circulated through 


Because 
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this seal, which maintains centrifuvally 
an interface between the low-pressure 
vapor in the generator housing and the 
seal liquid. 

(c) Pressurization problems: Two 
types of pressurization problems occur 
in space power systems as a result of the 
zero gtavity environment—pressuriza- 
tion of liquid flow loops such as the re- 
actor loop and pressurization of the 
inlet of the condensate pump. The 
first of these problems can be solved 
either by use of an inert gas loaded 
bellows, or diaphragm, or by use ofa 
vortex chamber with vapor in the center 


_and the outside fluid pressurized by the 


inertia force field. In the latter case, 
recirculated liquid from the pump dis- 
charge may be used to maintain the 
vortex. An alternate design is the 
use of a separate cavitation insensitive 
pressurizing pump, the inlet of which is 
pressurized by the vortex and the dis- 
charge of which is connected by a static 
line to the inlet to the main pump. 
Condensate pump inlet pressurization 
is a problem common to all types of 
Rankine cycle space power systems 
In mercury systems, it is feasible to sub- 
cool the condensate in the radiator so 
that the differential pressure between 


1800°F-2000°F 
[—] 
PRIMARY POWER 
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the vapor in the condenser and the vapor 
pressure of the subcooled condensate 
provides a net positive pressure head on 
the pump inlet. Although such a de- 
sign appears to be satisfactory from 
the standpoint of steady-state static 
equilibrium, there is no positive guaran- 
tee of liquid-vapor separation at the 
pump inlet under transient conditions. 
In alkali metal systems, the pressure of 
the condenser vapor may be so low that 
subcooling alone is inadequate to supply 
an adequate pump inlet net positive suc- 
tion head. The vortex separating device 
described previously can provide several 
pounds per square inch of pressurization 
A jet pump may still be required be- 
tween this separator and the rotating 
pump to provide additional inlet pres- 
surization. 


500-Kw Nuclear Turbogenerator 


In the preceding sections, environ- 
ment-induced design problems of space 
power system conversion components 
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have been discussed. As a concluding 
section, the overall design of a 500-kw 
space power system, currently under 
study by G.E. will be briefly described 
and system complications which result 
from the space environment conditions 
will be pointed out. In this way the 
overall significance of the effects pro- 
duced by the space environmental 
factors may be demonstrated. 

It must be recognized that the 
overall space power system design has 
also been influenced by a number of 
stringent requirements other than those 
by the space environment. 
These include the volume and configura- 
tion restrictions imposed by the launch- 
ing vehicle and the necessity for min- 
imum weight without sacrifice of per- 
formance or reliability over a specified 
unattended operating life of at least 
10,000 hours. 


imposed 


Fig. 10 shows this 500-kw nuclear 
turboelectric space power system. The 
structural arrangement is a cone with 
the nuclear reactor at the apex forward 
of a shadow shield which protects 
the entire system against reactor 
radiation. Aft of the shield are the 
circulating pumps, the heat exchanger 
boilers, the turbogenerator with its 
associated turbine control valve, and 
the heat exchanger condensers. A 
conical shell radiator extends for some 
distance aft of the turbomachinery 
space. Two subcooler radiators, also 
conical in shape, are located forward 
of the main radiator and partially en- 
close the turbomachinery. All com- 
ponents and flow circuits are designed 
for longitudinal vehicle axis symmetry 
to minimize moment effects. Com- 
ponent design details have been dis- 
cussed in the preceding section. 

The manner in which the system is 
aflected by environmental factors may 
be deduced from examination of the 
schematic diagram (Fig. 11). The 
system consists of three major flow 
loops, each of which has an associated 
subloop. Pressurized liquid metal re- 
actor coolant at temperatures in the 
range of 1,800-2,000°F is circulated in 
the primary loop. In the boiler, heat 
is transferred to the two-phase power 
loop, which contains the wet vapor tur- 
bine, the heat exchanger condenser, and 
the condensate pump. The condenser 
is cooled by pressurized liquid metal 
which is circulated by a motor-driven 
pump through the complex armored 
tube network of the radiator. Heat is 
rejected by radiation from the fin sur- 
faces at the rate of about 2.5 kw/ft? 
at temperatures in the range of 1,200°F. 
Because of zero gravity, the subloops 
are required to perform the functions 
of pump inlet pressurization in the 
absence of gravity and also for the 
circulation of motor and generator 
coolant and bearing lubricant. A cen- 
trifugal separator and a jet pump are 


employed to pressurize the inlet of the 
power loop condensate pump. In the 
reactor and radiator loops, pressuriza- 
tion is achieved by means of small 
putnps and whirl chambers connected 
in the manner indicated. The high 
temperatures in the system and flow 
circuit complications are a direct con- 
sequence of the component design 
problems previously discussed. 


Conclusions 


An attempt has been made to dem- 
onstrate that new and unfamiliar design 
problems, requiring major development 
efforts, are introduced into systems that 
generate large amounts of power in space 
as a result of environmental conditions. 
Environmental factors of major concern 
to the designer are the atmosphere, 
zero gravity, and the presence of high- 
velocity meteorites. Primary effect of 
the atmosphere and the meteoroid 
population is to force system tempera- 
tures to the highest attainable within 
metallurgical limitations. The  prin- 
cipal effect of zero gravity is to require 
the development of boilers and con- 
densers that rely on artificially created 
inertia forces which are large in relation 
to gravity. In addition, zero gravity 
complicates the solution to the prob 
lems of bearing stability, internal seal- 
ing, and pump pressurization. 


The development of large space power 
systems with maximum assurance of 
successful accomplishment requires 
parallel efforts in system development 
and in more quantitative assessment 
of environmental factors. In system 
development, the value of some of the 
component design concepts discussed 
here must be demonstrated. At the 
same time, the realistic magnitude of 
environmental factors, particularly the 
meteoroid problem, must be established 
by an early flight-test program. 
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Hyperthermal Test Facility (Continued from page 1! 9) 5 
torch heads are independently mounted to other heads when imposing a flame e 
and controlled as illustrated in Fig. 9. pattern on a specimen. A torch head hee 
This flexibility allows us to arrange a can cover an approximate 2 by 6-in Fi : , 
ig. 6. Fifteen-point oxygen; acetylene torch; 
torch head singularly or geometrically area. By proper placement of the honeycomb dive brake panel. 
heads, a 24-in. long leading edge can be 
subjected to a re-entry heat source, a 
12 by 8-in. flat panel can be heated for 
analysis of thermal stress gradients, affected our results and we have been 
and cylindrical or verti specimens able to diminish this effect by erecting 
can be uniformly heated on all sides an aerodynamic-type tunnel in front of 
for mechanical property testing the torch head. This tunnel (Fig. 10 
A torch head is arranged in three rows fabricated of dense zirconia bricks 
of 15 points, geometrically placed in a provides an area for the gas heat pattern 
rhomboid shape for a total of 45 flame to premix prior to exhausting, with very 
points. This provides for uniform sur little change in temperature. 
face heating of a specimen face within Arrangements of the torch heads have Ya 
11/2 in. of the torch tips. Individual been made to assist in the mechanical ef 
flame point heat patterns can be dis- and physical property determinations bad 
cerned as the specimen is moved closer of ceramic materials. An evaluation of = 
to the torch. This has not appreciably an unknown material would begin with ri 
Fig. 3. Natural gas and oxygen 3,000°F glass- ; 
blowing-type torch. 
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Fig. 8. High-temperature gas facility. 
Water 
Pressure Flow 
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T 
6 8 Our readers will want to watch for these additions to the 
outstanding technical articles that have made Aerospace 
Engineering the world’s leading magazine for aerospace 
«4 engineers! They'll start next month! 
5 
eel] 
Ling 
t of Ora | 1. “AEROSPACE TECHNOLOGY AS SEEN BY THE 
10) iis th Danial PANELS”: Up-to-date monthly technical news articles from 
oks alae ; two or three of the Aerospace Technology Panels to advise 
ern the reader on the most important developments that he should 
ery know to be current in his specialty. These articles will also 
; provide technical news, more general in nature, giving signifi- 
al an exposure to a thermal environment. cances or interpretations of technical breakthroughs or no- 
ical Depending on the design application table occurrences. This feature will be prepared by members 
We and heat pulse expected, a thermal- of the IAS Aerospace Technology Panels. 
aa shock test is performed. In this test, a 
‘ith sample (21/2 by 4'/. in.) of the basic 


work 


material and/or composite structure is 
exposed to a specific time-temperature 
pulse. The specimen temperature is 
changed by varying the distance from 
torch to specimen. As a matter of 
convenience, we have arrangements for 
mounting the specimen on a movable 
bed, and also have the torch supported 
in a racking-type mount (Fig. 11). 
Temperature profiles of practically any 
shape can be duplicated. 

A calibration was performed to de- 
termine the amount of heat the torch 
Was imposing upon a specific test ar- 
rangement. A water calorimeter was 
supported in a frame of zirconia bricks 
(Figs. 12 and 13) similar to thermal 
shock evaluation. The quantity of 
water and its temperature rise as it 
flowed through the calorimeter were 
accurately recorded for varying dis- 
tances between the torch tips and ca- 
lorimeter face. The resulting curve of 
“q’ vs. distance is presented in Fig. 14. 

The procedure used to support the 
calorimeter duplicated the end condi- 


“ADVENTURES IN ENGINEERING”: Consisting of a 
report by the Engineer involved, dealing with a difficult or un- 
usual problem and its solution. The threefold purpose of this 
new area of Aerospace Engineering is to acquaint Engineers 
with knotty problems which have been faced on the job by 
some of their number and how difficulties were resolved, to 
stress the important role of the Engineer who has applied 
engineering skill and/or ingenuity in his everyday work, and 
to provide readers with information which is both illuminating 
and interesting. Contributions are desired from aerospace 
engineers everywhere. Authors will be allowed the widest 
latitude as to style, though use of the first person should be 
avoided. Manuscripts must be hitherto unpublished, offered 
to Aerospace Engineering exclusively, and will be subject to 
confidential review by an editorial board. Excessive use of 
trade names will be cause for rejection without review. 
CONTRIBUTIONS MUST NOT EXCEED 750 WORDS. 
Two copies are desired and should be accompanied by the 
contributor’s (author’s) photo (head and shoulders only) and 
by a 100-word biography prepared in the third person, narra- 
tive style. 
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Fig. 10. Aerodynamic-type tunnel in front of 


torch head. 


Fig. 11. Thermal pulse exposure on movable 


bed; 45-point torch. 


Fig. 12. 


Water calorimeter supported on mov- 
able bed. 


tions experienced by our thermal 
exposure test specimens. Another 
calorimeter, incorporating a guard area, 
is being manufactured. This unit will 
enable us to evaluate the basic thermal 
characteristics of the torch under differ- 
ent percentages of oxygen and acetylene 
and free from local conditions. 

Data recording instrumentation 
normally consists of motion pictures, 
thermocouple and pyrometry outputs. 
Some of the most important data ob- 
tained during these tests are the visual 
observations recorded by the test engi- 
neer. 

A material which has satisfactorily 
withstood exposure to a thermal-shock 
environment would be suitable for a 
thermal structural application. 
Attachment of the material to the pri- 
mary structure requires a knowledge of 
its physical and mechanical properties. 
To assist in the determination of 
strength characteristics at operating 
temperatures, a universal testing ma- 
chine has been incorporated within an 
arrangement of three tgrch assemblies 
(Fig. 15). Three torches provide a 
uniform thermal pattern on all .sides 
of the test specimen. 
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Test specimens (Figs. 16 and 17) 
are usually of rectangular configuration 
to investigate the shear, compression 
and flexural properties. A majority 
of the facility is water-cooled to protect 
the loading and recording mechanisms. 
Loading noses and supports are gen- 
erally made of zirconia or the same ma- 
terial as that being tested—and these 
are preheated before loading to pre- 


Fig. 13. 


Water calorimeter calibration of 45- 
point torch. 


Fig. 14. Apparent heat flux calibration. 


vent thermal gradients at points of 
contact. The SR-4 type load cells and 
appropriate recorders are incorporated 
to provide a sensitive load indicator. 
This same basic arrangement of three 
torches has also been utilized to evaluate 
the coefficients of thermal expansion, 
An impregnated dense SiC tube was 
used to provide a muffle and to obtain 
a uniform thermal environment for the 
enclosed test specimen. The effective 
changes in length are detected and meas- 
ured with two 40-power telescopes and 
National Bureau of Standards (NBS) 
slides sensitive to 0.0001 in. The test 
specimen is supported on a bed of ground 
SiC to prevent restraint. Wires sus- 
pended from each end of the specimen 
and dampened in an oil container pro- 
vide the sensing elements for the viewing 
scopes. Depending upon the tempera- 
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ture range, wires have been made of 
platinum, tantalum, etc. 


Instrumentation 


Temperature sensing and recording 
continues to plague us with its inherent 
poor accuracy and unknown charac- 
teristics. Thermocouples are generally 
used to 3,200°F by utilizing platinum 
and rhodium. Above this temperature, 
our confidence level begins to decrease 
rapidly with the use of exotic materials 
Some materials under investigation 
include _iridium-rhodium, tungsten 
molybdenum, tungsten-iridium, tung 
sten-graphite, and many others. 


Thermocouples are extensively used 
on many tests to explore the thermal 
gradients from front to back 


Burn- 


Fig. 15. Flexure test arrangement; three 45- 
point torches; universal test machine. 


Fig. 16. Flexure test at 3,500°F; movable torch 
mounts, 


Fig. 17. 


Compression test at 3,000°F. 


Fig. 18. 
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of ments is our limited knowledge of facility is changed to satisfy the task 
emissivity values. Unless the emis- at hand. It includes the following: 
sivity of a hot material is known, ap- a Barnes radiometer* to record total 
proximate corrections (using Table radiation of a material; an oscillo- 
ing and Fig. 18) have to be considered graphic recorder to ‘monitor _thermo- 
ent for each optical reading, since most couple outputs during heating, for 
ea pyrometers are calibrated for an emis- evaluating transient heat flow through a 
ally sivity of 1.0. In viewing a heated body; Fastax (high-speed) cameras 
um specimen, the gaseous atmosphere is (registered trade mark) for photographic 
re an unknown variable contributing to records of material degradation vs. 
one —— : the apparent temperature and resulting time at temperature; and SR-4 type 
als emperature in additional errors. We have found load cells for recording load applied 
con fig. 18. Brightness vs. true temperature for spec- large discrepancies between different during mechanical property testing. 
on tral emissivity values at \ = 0.65. makes of optical pyrometers. 
ng To help us understand the mechanism The Future 
of temperature recording, we have de- As we uncover new materials, the 
sed jit of the face couple is usually our first veloped black bodies for calibrating oxygen-acetylene fueled facility will 
nal loss. Also, if a couple is not properly our radiometry facility, which can then continue to be a useful testing tool. 
rn- installed, an electrical short will occur be used to obtain basic emissivity A refinement of our techniques will be 


as the test material becomes conductive 
at elevated temperatures. Face tem- 
peratures are also remotely recorded 
with conventional optical pyrometers. 
Our principal problem with optical 
techniques for temperature 


values on the test materials. An in- 
strument is still required to measure 
temperature independent of surface 
characteristics and gas film in front 
of the surface under test. 

Accessory instrumentation at our 


* This has been modified and calibrated 
with an NBS standard black body to 
4,000°F to utilize it more fully for emis- 


measure sivity measurements. 
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Materials Engr PA 
Test High Mach No. / 
High Temperature | Long Time | Specimen Size 
Requirements 10 to 20 Cont (inches) + 
ntin 
Facility Energy Flow (ft-lb) | 3.x 3 Minimum 
+ 
i, Oxy-acetylene Flame (Sea Level) 6000 Yes 2x6 x 
| s Jet burner-linde Mach 2.0 3500° F Yes 1x1 
Mach 2.8 0 
Liquid Rocket-gor x 
(Sea Level) 4100'F 1 Minute 2x2 
| Ry S) Mach 2.0 0 3 Minutes 10 x 10 
| Ethylene Jet or Jet x x 
y Jet Engine (Sea Level) F (yes) (20 dia) 
Mach 2.0 
Plasma Jet 15, 000 to 25, 000° F 15 Minutes 1xl . 
| Sea Level) 
x S 
rch ARC Image Furnace None 6000° F Yes 1/4-diam. : i % f 
Mach 24,0 
Hypersonic Hotshot Tunnel 200, 000 feet) } 3200 to 17, 500° F | 10 Milliseconds 24 diam. x * 
[ Cost Manpower 
| Mach 20.0 0) 
Microseconds 
Shock tube (200, 000 feet! 20, 000° F 2 diam, . 
| 
& 
| r Initial considerations--show that no one facility "il | 
+ will satisfy all requirements of both manned $10,000} 2 
| (longtime) and re-entry (high temp) flight - } 
a $30, 000 2 
Compromise considerations--show that four 
facilities could be used | 


$90, 000 2 
$2, 000 
$250, 000 6 
$20, 000 3 
Fig. 19. Space age technology investigation of test facilities. 
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Table 1. 


Relation Between Brightness Temperature and True Temperature 


(Emissivity at \ = 0.65) 


Brightness 

Temp (°C) 800 1,000 1,200 1,400 1,600 1,800 2,000 

Emissivity True Temp (°C 
0.05 982 1,265 1,567 1,886 2,236 2,609 3,011 
0.10 934 1,194 1,467 1,752 2,054 2,370 2,704 
0.15 909 1,156 1,413 1,681 1,958 2,248 2,549 
0.20 891 1,130 1,377 1,632 1,895 2,168 2,451 
0.30 867 1,095 1,329 1,567 1,813 2,064 2,320 
0.40 850 1,071 1,296 1,525 1,757 1,99 2,236 
0.50 837 1,053 1,272 1,493 Lived 1,944 2,174 
0.60 27 1,039 1,252 1,467 1,685 1,905 2,125 
0.70 819 1,027 1,236 1,447 1,659 1,872 2,087 
0.80 812 1,017 1,222 1,429 1,636 1,844 2,05 
0.90 805 1,008 1,210 1,413 1,617 1,821 2,025 


increasingly important as we gain addi- 
tional knowledge of the space environ- 
ment. 

The testing environment employed 
to obtain the thermal conditions should 
be studied for its effects upon the test 
material. Gaseous atmospheres can 
react chemically with the materials at 
extremely high temperatures, producing 
a new variable or a change of state. 
It would be highly desirable to in- 


strument for continuous chemical anal- 
ysis suitably both and after 
burning, as well as downstream after 
test. Local conditions, ie., torch tip 
hot spots and edge effects at points of 
attachment to holder, should be en- 
tirely eliminated. Additional effort is 
to be expended in this area of torch 
hot spots. A multiple torch arrange- 
ment at greater distances or movable 
specimen holders are being considered. 


before 


XV-3 V/STOL (Continued from page 23) 


The design of test setups and expccted 
goals should be thoroughly investivated 
before embarking on a program to 
evaluate new materials. 

The one environment we lack is a 
substantial flow velocity. This is not 
a serious drawback in the study of 
ceramic-type heat shields, which are 
being designed to “bull” their way 
through the thermal barrier, but the 
plastic and ablative-type materials 
will react differently under changing 
flow conditions as the outer layer js 
removed. An _ associated facility js 
under consideration to add_ velocity 
at a reasonably high temperature. This 
might consist of a Linde jet piercing 
nozzle, burning kerosene and oxygen 
to produce 4,000°F at Mach 1.5 to 2.6 
This apparatus produces a_ working 
area of about 1.5-in. diameter, which 
would limit us to small specimens but 
would be most beneficial in screening 
a multitude of potential materials, 
This type of facility would be very in- 
expensive to operate. 

An analysis of testing facilities is 
presented in Fig. 19. 


proached on future fixed-wing V/STOL 
designs by the incorporation of prop- 
erly designed full-span flaps. 

The cruise speed performance shown 
by the upper curve in Fig. 4 is also quite 
modest by airplane standards. As an 
example, the C-130B cargo airplane, 
with a take-off power loading of ap- 
proximately 8 lb/shaft hp, has a cruis- 
ing speed at sea level of about 300 knots, 
as shown by the point on Fig. 4. This 
airplane does not hover, of course. 
To provide hovering capability in a 


C-130 would require increasing the 
installed power by about 50 percent 
for the tilt prop-rotor case or by about 
125 percent if the tilt-wing or deflected 
slipstream principle were to be used. 
As a result, there will be significant 
differences in power-plant costs on a 
V/STOL transport aircraft depending 
on design configuration 

It may be seen that the performance 
objectives of the XV-3 type, while ap- 
preciably better than those of other 


V/STOL aircraft configurations, are 


Figs. 3 (left) and 4 (right). Variation of direct lift efficiency with design 
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not unrealistic in comparison to the 
performance obtained with existing 
modern turbine-powered helicopters and 
cargo airplanes. The results of the 
XV-3 test program indicate that these 
objectives can be obtained. The hover- 
ing performance of the tilt prop-rotor 
configuration was measured by the 
AFFTC during the XV-3 Phase II flight 
evaluation. Hovering test data showed 
a power loading of 10 Ib/shaft hp out 
of ground effect. This is equivalent to 
about 8 lb/installed hp on Fig. 4 be- 
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cruise speed for VTOL transport aircraft. 
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XV=-3 FULL SCALE 
WIND TUNNEL DATA 
Diameter — 23 feet 
Chord = 11 inches 
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(TIP SPEED 320 FPS 
Cp/o 1.78 
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Cpe 1.00} 
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Fig. 5. 


cause excess power must be provided 
for adequate altitude and hot-day hover- 
ing performance. Several wind-tunnel 
test programs have been conducted by 
the NASA and Air Force on both the 
actual XV-3 and scale models to de- 
termine the propulsive efficiency of the 
prop-rotors in propeller operation, which 
is the primary factor in determining the 
economy of airplane cruise flight. The 
propulsive efficiencies measured during 
some of these tests are plotted vs air- 
speed in Fig. 5. For comparison, the 
measured propulsive efficiency of a 
tilt-wing prop-rotor is shown in the 
same figure. The lower solid curve 
shows the efficiency of the large di- 
ameter XV-3 prop-rotors in helicopter 
gear ratio with a tip speed of 640 fps, 
Cp/o = 0.23. As can be seen, the 
efficiency decreases rapidly with air 
speed to about 50 percent at 132 knots. 
This is a consequence, not of diameter, 
but of the excess blade area which is re- 
quired to produce static thrust equal 
to the aircraft gross weight. When 
the XV-3’s two-speed transmission is 
shifted to airplane gear ratio, the ef- 
ficiency of the prop-rotors increases. 
This change is indicated by the two 
upper solid curves for tip speeds of 320 
and 388 fps which give Cp/o of 1.78 
and 1.00 respectively.! The measured 
efficiency varied from 88 percent at 80 
knots to about 70 percent at 145 knots 
in this configuration. The XV-3 has 
relatively crude blade airfoil sections 
compared to those used on modern pro- 
pellers. 

The lower dotted curve shows the 
measured efficiency for the VZ-2 tilt- 
wing VTOL propeller based on pre- 
viously reported tests? (tip speed = 
650 fps, Cb/o = 0.36). It has charac- 
teristics quite similar to the XV-3 
prop-rotor in helicopter gear ratio and 
indicates the necessity of reducing tip 
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Prop-rotor propulsive efficiency vs. air speed. 


speed for cruise economy with small 
diameter, high-disc-loading configura- 
tions also. The blade loadings of the 
XV-3 and the VZ-2 happen to be equal, 
at a value of 116 lb of gross weight per 
sq ft of blade area. 

The upper dashed curves show pro- 
jected characteristics of a low-disc- 
loading V/STOL transport aircraft. 
These data, based on wind tunnel 
model tests,’ indicate that propulsive 
efficiencies on the order of 75 percent 
to 80 percent may be obtained at 300 
knots on future V/STOL aircraft by 
use of properly designed prop-rotor 
blades and reduced rotational speed 
for airplane propeller operation. 


Handling Qualities 


A study of the handling qualities of 
V/STOL aircraft is always somewhat 
complicated by the number of different 
types of flight in which these machines 
engage. In all cases, two largely sep- 
arate control systems are necessary to 
handle low- and high-speed flight. 

One of these systems can _ utilize 
conventional airplane surfaces to con- 
trol and stabilize the aircraft at high 
speed. The problems encountered in 
this flight regime, except as associated 
with the unconventional propellers used 
on V/STOL aircraft, are identical to 
those found on conventional fixed-wing 
aircraft and will not be discussed in 
this paper. 

The primary stability and control 
problems encountered on V/STOL air- 
craft occur during hover, low-speed 
flight, and conversion. On the XV-3, 
single-axis longitudinal blade feathering 
is used for pitch and yaw control and 
differential collective pitch is used for 
roll control during low-speed flight. 
These means of control were chosen 
mainly because they make use of the 
most powerful available force, the main 
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thrust vectors, to produce the required 
control moments. This system elim- 
inated the need for extra fans, nozzles, 
or vanes that add complexity and in- 
crease power consumption in hovering 
flight. 

The handling qualities of the XV-3 
and several other V/STOL types have 
been measured and evaluated by the 
NASA. Fig. 6 is a NASA plot 
showing the control power vs damping 
about each control axis during hover- 
ing flight for these machines. Super- 
imposed on these plots are the NASA 
rating curves showing desirable, ac- 
ceptable, and unacceptable zones. As 
can be seen, the XV-3 is accept- 
able in pitch and roll and requires 
additional control in yaw. Additional 
damping about all three axes would be 
desirable. Even if automatic stabiliz- 
ing equipment is included on future 
designs to provide the increase in damp- 
ing necessary to bring the hovering 
characteristics into the upper desirable 
region, the results to date show that the 
XV-3 type will still have acceptable 
characteristics in emergency conditions 
with the stabilization equipment in- 
operative. 

Both control power and damping 
improve as forward flight speed increases 
and conversion is begun. Fig. 7 shows 
a time history of a typical continuous 
conversion.» As can be seen, no unusual 
or rapid control changes are necessary. 
Longitudinal stick moves aft to increase 
angle of attack as the weight of the ship 
is transferred to the wing. Lateral 
stick remains nearly constant and rudder 
position (not shown) is unchanged. 
Most of the increase in blade pitch 
angle shown is provided automatically 
by the conversion mechanism. Several 
conversions have been made holding 
the longitudinal stick fixed, in which 
case, the air speed varies over about a 
25-knot range. Conversion can be 
easily accomplished in a variety of 
different ways and can be stopped or 
reversed at any point. 

Fig. 8 shows a plot of usable air-speed 
limits vs conversion angle for the XV-3. 
The data for this curve are taken from 
both AFFTC® and NASA® flight tests. 
For comparison, NASA data showing 
the same characteristics during a typi- 
cal conversion of a high-disc-loading 
V/STOL research aircraft is also plotted 
in Fig. 8. As can be seen, the allow- 
able air-speed range at low conversion 
angles is much greater for the XV-3 
type. This is especially true below 40 
percent conversion. In this range, the 
XV-3 can be flown over a wide air-speed 
range by using the conventional con- 
trol stick alone while, in the high-disc- 
loading VTOL types, any appreciable 
change in air speed must be accompanied 
by a change in conversion angle. There- 
fore, the pilot is forced to co-ordinate 
two separate control systems in 
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Fig. 6. Handling qualities of VTOL research aircraft in hovering. 


maneuvering flight at low air speed. 

It should also be noted that the factor 
which determines the upper air-speed 
boundary is different for the two types. 
On the XV-3 type, the relatively high 
upper boundary is determined by 
normal helicopter retreating blade stall 
up to about 15 percent conversion angle 
and by installed power from that point 
to fully converted. On the high-disc- 
loading VTOL designs, the relatively 
low upper air-speed boundary is de- 
termined by stability and control con- 
siderations up to roughly 70 percent 
conversion and by installed power from 
that point to fully converted. 

This difference is further illustrated 
in Fig. 9 which shows the usable air- 
speed range at each conversion angle 
for both types of VTOL’s. Also shown 
are the predicted characteristics of a 
larger transport version of each type 
which has adequate installed power. 
For the XV-3 type, the increased power 
will result in a wide usable air-speed 
range at all conversion angles. 

When conversion is completed, the 
behavior of prop-rotor system and the 
resulting effect on aircraft stability is of 
particular interest. The semirigid prop- 
rotors on the XV-3 have conventional 
helicopter see-saw hinges which allow 
+11° of flapping freedom. These 
hinges relieve the blade root bending 
moments and permit the use of light- 
weight blades in the prop-rotor system. 

In fully converted airplane flight, a 
pitching or yawing angular velocity pro- 
duces increased blade flapping which gen- 
erates the precessional moment required 
to precess the rotating blade inertia by 
aerodynamic means so as to follow the 
motion of the aircraft. With the prop- 
rotor rpm reduced to improve cruise 
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economy, the prop-rotors operate at 
fairly high blade angles. 
In this condition, the aerodynamic side 
force produced as a result of the aircraft 
angular velocity is in a direction to re- 
duce dynamic stability when tractor 
propellers are used. This effect, which 
should be apparent on any V/STOL 
aircraft that uses flapping propellers, 
is discussed in more detail by Amer.” 

On the XV-3, the flapping angles 
during maneuvers are controlled by the 
inclusion of pitch-flap coupling (63) in 


geometric 


the prop-rotor design. This is accom- 
plished by designing the prop-rotor 
blade control horn so that the blade 
pitch is reduced when the blade flaps 
forward. The resulting steady-state 
blade flapping, as measured by NASA} 
is plotted vs air speed in Fig. 10, and 
the change in blade flapping in a ma 
neuver is plotted vs pitching angular 
velocity in Fig. 11. It is noteworthy 
that the steady-state blade flapping 
reduces to a very small amplitude (less 
than 1°) as air speed increases. This 
occurs because the wing angle of attack 
decreases with air speed, bringing the 
prop-rotor disc more nearly perpendic- 
ular to the relative wind. Fig. 11 
shows that the transient blade flapping 
during a rather severe maneuver of 0.2 
rad/sec pitching velocity uses only ap- 
proximately one third of the total 
flapping freedom provided. 

On the XV-3, the unusually short 
tail length together with the destabiliz- 
ing influence of the propellers, produce 
marginal longitudinal short-period dy- 
namic stability at high speeds. By 
increasing the amount of pitch-flap 
coupling provided in the prop-rotor 
design, the destabilizing side force pro- 
duced by the prop-rotors can be largely 
eliminated. The lower curves of Fig. 
12 show the variation of damping ratio 
(actual damping divided by critical 
damping) with air speed as measured 
by the NASA® and the AFFTC.® The 
upper curve shows the calculated damp- 
ing ratio neglecting the influence of the 
propellers. The central curves show 
the calculated variation of damping 
ratio when the amount of 63 is increased 
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Fig. 8. Approximate conversion envelope for V/STOL aircraft configura- 


tions. 


from —20° to —45° or when the tail 
length and area is increased to more 
adequate dimensions (6 ft longer aft 
fuselage and 50 percent increase in area). 
As can be seen, increasing the pitch- 
flap coupling changes the slope of the 
curve to reduce the variation of damp- 
ing with air speed and increasing the 
tail size improves the damping over 
the entire range of air speeds. 

The destabilizing side force that occurs 
during yawing or pitching maneuvers 
can also be counteracted by the provi- 
sion of any device that artificially re- 
stricts the flapping amplitude. These 
mechanisms, such as spring-loaded flap- 
ping restraint or offset flapping hinges, 
produce a stabilizing moment which 
opposes the destabilizing side forces. 

Although further investigations will 
be necessary to define completely the 
effect of these modifications, no par- 
ticular difficulty is foreseen in providing 
acceptable dynamic stability on future 
V/STOL aircraft of the XV-3 type. 


Operational Characteristics 


The important opeiational charac- 
teristics of the various V/STOL test 
aircraft are probably the most talked 
about and the least tested of any of the 
characteristics of these aircraft. On 
ore hand, it is maintained that the down- 
wash from high-disc-loading machines 
causes no more (or perhaps even less) 
ground disturbance than that of aircraft 
with low-disc loadings because ‘‘the 
downwash sticks to the ground.”’ On 
the other hand, it is known that at least 
two of the high-disc-loading VTOL re- 
search aircraft have been damaged dur- 
ing their test programs by flying debris 
even though they were normally op- 
erated over prepared hard surfaces. 

The XV-3 has flown its entire flight 
test program, including many flights 
from unprepared areas, with the same 
set of prop-rotor blades. These blades 
were recently reinspected after 125 
flight hours and were found to be com- 


Fig. 9. Variation of usable air-speed range with conversion. 


pletely airworthy without any rework 
or repairs. 

Safety of the ground crew is another 
important consideration in determining 
the maximum usable downwash ve- 
locity. In normal service operation, 
ground personnel will be required to 
work near, and sometimes directly 
under, hovering V/STOL aircraft. 
Since the V/STOL aircraft’s primary 
advantage is in operating from remote 
areas without needing prepared landing 
sites, it does not seem practical to re 
quire that all gravel, sand, and other 
debris be removed from an area before 
V/STOL operation can begin. 

Therefore, low downwash velocity, 
as demonstrated on the XV-3, seems an 
important requirement in producing a 
usable V/STOL transport to operate 
from unprepared areas. 

Another important consideration is 
the flight safety of the aircraft itself 
when operating in critical flight condi- 
tions. This is particularly important 
for V/STOL transport types which may 
be used for carrying passengers, whether 
civil or military. Past experience with 
both airplanes and helicopters has shown 
that the take-off, approach and landing 
regimes of flight are far more critical 
from a safety standpoint than all other 
flight conditions combined, and it is 
in these conditions that many types of 
V/STOL aircraft have undesirable char- 
acteristics. 

All current operational aircraft (air- 
planes and helicopters) have a source 
of stored kinetic energy when they are 
airborne. Conventional airplanes have 
kinetic energy of forward motion which, 
when operating at normal take-off or 
approach speeds somewhat in excess 
of stalling speeds, permits rapid changes 
in flight path independent of power 
setting. Pilots use such rapid flight 
path changes to flare for reduced land- 
ing impact, to correct glide path errors, 
or to effect heading and altitude changes 


in strange areas. Conventional heli- 
copters also rely onstored kinetic energy 
partly from forward motion but mostly 
from their high-inertia rotating blades. 
The latter source of energy makes pos- 
sible substantial flight path changes at 
very low air speeds. For both the air- 
plane and the helicopter, available 
kinetic energy permits safe flight and 
limited maneuvering independent of 
power in all normal flight regimes. It 
is believed that experience will show 


Fig. 10. Variation of steady-state blade 
flapping with air speed (airplane configuration— 
low prop-rotor rpm). 


‘ Fig. 11. Variation of blade flapping with 
to avoid suddenly encountered obstacles pitching angular velocity. 
August 1961 + Aerospace Engineering 51 


! 
tor | | 
SEARCH ANCE / DISC LOADING | 
ind L | J 
na | / A / ALLOWA 
thy / Vx / L 
less / K / 
ick / | / / | 
the | | | 
ing 
0.2 
ap 
tal 
ort 
liz 
|_| 
\ 

| 

| 

| RV 


AtAP ING 


100 120 140 


160 


TRUE AIRSPEED, KNOTS 
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that this characteristic will be equally 
desirable for operational V/STOL air- 
craft. 

Many of the V/STOL aircraft types, 
including those now flying in research 
prototype form and those proposed for 
future development, do not have an 
adequate source of usable kinetic energy 
independent of the power plant system. 
Tests of several current V/STOL 
types*®* have, in fact, shown that dur- 
ing the critical short running take-off, 
climb-out, and slow steep approach 
conditions, the opposite situation exists. 
Not only is an independent source of 
usable kinetic energy almost totally 
lacking in slow-speed flight, but flight 
characteristics including maneuver ca- 
pability, control setting for trim, and 
aircraft drag vary drastically and some- 
what erratically with power setting and 
with flight path changes initiated by the 


Variation of longitudinal short-period damping with air speed. 


pilot. It is believed that such char- 
acteristics will prove to be operationally 
unacceptable. 

On the other hand, the XV-3 has 
demonstrated controllability and ma- 
neuverability at least adequate for safe 
operation with and without power in 
every anticipated flight regime. Dur- 
ing tests by both NASA and AFFTC 
pilots, power off reconversians from 
airplane flight with either high or low 
prop-rotor rpm, autorotative descents, 
and full autorotation landings have been 
made without difficulty. Test pilots 
report no significant change in any basic 
flight characteristic over the full power 
range. Characteristics similar to those 
of conventional helicopters were ob- 
served during 
and landings. 

Adequate comfort of the crew, pas- 
sengers, and ground personnel is also 


autorotative descents 


mandatory for any usable transport 
V/STOL configuration. Two primary 
factors in any comfort level determina 
tion are noise and vibration. Hoth 
of these factors were measured during 
the Air Force flight test program. Fig 
13 shows the average sound level plotted 
vs distance from the XV-3 during a full 
power tie-down run. Sound levels in 
all cases are below those where ear pro 
tection is required. 

Sound level inside the aircraft is quite 
high on this experimental model, but 
can be easily reduced by application of 
standard sound deadening techniques, 
Vertical vibration at the pilot’s seat 
is plotted vs conversion angle in Fig 
14 from data recorded in a step con- 
version maneuver in which air speed 
ranged from 80 to 120 knots. As can 
be seen; the maximum vibration ampli- 
tude of only 0.045g occurs during the 
helicopter flight regime. As conversion 
to airplane configuration is made, 
vertical vibration level drops to a very 
low level, 0.027g. Lateral vibration 
amplitudes were less than 0.025¢ in 
all cases. 

These data indicate that a carefully 
designed low-disc-loading V/STOL 
transport can be as comfortable as a 
present-day transport airplane. 


Future Design Outlook 


Based on the technical results ob- 
tained in the XV-3 test programs and 
concurrent preliminary design studies, 
it appears feasible to design larger 
V/STOL aircraft of the fixed-wing, 
low-disc-loading type which will have 
performance substantially improved 
over the prototype XV-3. 

The majof civil and military applica- 
tion of VTOL aircraft of this type 
clearly lies in the field of transportation. 
Preliminary design studies have indi- 
cated that a useful turbine-powered, 
multi-engine operational aircraft, as 
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Fig. 13. Average sound level during full power tie-down run. Fig. 14. Variation of vibration level with conversion angle. 
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shown in Fig. 15, could have the following approximate characteristics: 


General Data 


Wing span 

Prop-rotor diameter 
Installed engine power 
Design disc loading 


Performance 


Gross weight 
Payload 
Normal range with reserve 
Hovering ceilings out of ground effect 
All engines operating, standard 
temperature 
One engine inoperative, standard 
temperature 
All engines operating, 95°F tem- 
perature 
Cruise speed 
Maximum ferry range with reserve 


The preceding weights and _per- 
formance are based on use of current 
design practice and materials of con- 
struction, when utilizing shaft turbine 
engines currently being developed. It 
is notable that this aircraft can hover 
at low altitudes out of ground effect 
under the severe condition of maximum 
overload gross weight with one engine 
inoperative. Transoceanic ferry flights 
can be made when required. 


Concluding Discussion 


The next step in the United States 
V/STOL aircraft program is scheduled 
to be the development of a transport 
prototype in the 35,000 Ib gross weight 
class. Drawing conclusions that are 
applicable to a machine of this size 
based on tests conducted on machines 
of 3,000 to 5,000 Ib gross weight is 
always risky, whether the machines 
are tractors, boats, or aircraft. Aero- 
nautical history has shown that jumps 
in gross weight by a factor of 2 to 3 
seem to represent the maximum for 
sound development. However, test re- 
sults to date indicate that it should be 
possible, based on the present state of 
the art, to design and build a 35,000-Ib 
V/STOL transport of any of the several 
different configurations that have com- 
pleted flight programs. Given equal 
soundness of design and development 
effort on any of these types, it is probable 
that major deficiencies uncovered in the 
test aircraft could be corrected, and 
that an ultimate production aircraft 
with reasonable maintenance require- 
ments could be evolved. Each type 
would doubtlessly encounter new prob- 
lems along the way, but their solution 
would more than likely involve about 
the same amount of effort, time and 
money in each case. 

It is only after the development prob- 
lems are solved and the aircraft is de- 


At G.W. for Max. 


64 ft 

45 ft 
8,000 bhp 
10.0 psf 


At G.W. for Max. 

Payload or Range 
44 Ib 
16,000 Ib 
500 n. mi 


Performance 
32,000 Ib. 
6,000 Ib 
500 n. mi 


14,000 ft 4,500 ft 


8,800 ft 1,000 ft 
6,600 ft Sea level 
280 knots 275 knots 
— 2,800 n. mi 


livered that the really significant differ- 
ences in configurations become apparent. 
No longer is it a question of whether the 
aircraft will be flyable or will be able 
to make a transition from hovering to 
high-speed flight. The important ques- 
tions now become whether the aircraft 
is economically useful, operationally 
sound, and has adequate performance 
and flight safety characteristics. It 
is in this area that test results indicate 


that the low-disc-loading V/STOL type 
of the XV-3 configuration will have the 
following advantages in comparison to 
several of the high-disc-loading types: 

1. Equal hovering performance with 
about 60 percent installed power and 
therefore 40 percent less fuel consump- 
tion than the high-disc-loading types. 

2. Equal or slightly superior cruise 
economy and range. 

3. Safe emergency landing capability 
in case of power loss or failure in any 
flight condition. 

4. Ability to operate from com- 
pletely unprepared restricted sites in 
gusty air conditions. 

5. Flexible conversion process which 
does not require programing conversion 
and air speed. 

6. Safety for ground personnel and 
longer life for engines and rotating com- 
ponents by reducing hazard from flying 
debris picked up by downwash. 
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Dyna-Soar (Continued from page 9) 


trifugal lift forces. In the form given by Eq. (2), 
it relates free-stream density to velocity, lift coeffi- 
cient, bank angle,* and wing loading. 


SUBORBITAL | 


| fs | RE-ENTRY 
| 7c | FLIGHT 
| 


| 

0 2 4 6 8 
RANGE - THOUSANDS OF NAUTICAL MILES 


4 


Fig. 2. Typical “once-around” flight trajectory. 


The air density may be related to altitude by the 
following exponential relation. 


(3) 
where py and /» are a reference density and altitude, 
respectively, and 6 is a constant which may be chosen 
to represent accurately the atmosphere over a range 
of altitudes of interest.t| Thus, for a given wing 
loading, the equilibrium trajectory in hypersonic 
flight on an h-V plot is characterized by the lift 
coefficient and the bank angle (Fig. 3). 

The lift and drag characteristics of the Dyna-Soar 
in hypersonic flight may be represented by a simple 
Newtonian polar** given by 


C, = C,, sin? a cos a (0 < a < w/2) (4) 


Cn Cp, + Cp, sin® a@ (5) 


where Cp, and C,, are constants and Cp, is the drag 
coefficient due to lift. For the purposes of the pres- 
ent discussion we may take Cy, = Cp,,,; where 
CPnar 18 the stagnation pressure coefficient behind a 
normal shock which, for air at very high Mach 
numbers, lies in the range 1.83 to 2.0. Also, for the 


present discussion, we may assume Cp, =~ Cy, 
1.83. Thus, the drag polar is given by 
C, = 1.83 sin? a cos a (6) 
Cp = Cp, + 1.83 sin® a (7) 


* The angle @ referred to in this paper is the bank angle 
around the wind axis, or the inclination of the lift vector 
with respect to the local vertical (for y << 1). 

+ The numerical illustrations in this review are based on 
8 = 23,000 ft. 

** The Newtonian representation is satisfactory particu- 
larly at the higher angles of attack. 
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The performance at maximum lift coefficient i: 
immediately obtained from Eq. (6): 
Crimaz ~ 0.70 when 55 


Since, at such high angles of attack Cp > Cp 
Eqs. (6) and (7) give 


(L/D) (Cimar) COt @(Crmar) 0.70 
Ce 


The maximum lift-to-drag ratio performance in 
hypersonic flight is determined primarily by Cp,, or 


by the degree of bluntness and Reynolds number of 


operation of the aircraft. For example, for moder- 
ately high maximum lift-to-drag ratios which are 
reached at low angles of attack one obtains, from 
Eqs. (6) and (7), 

(L/D) naz 


~ 0.65/(Cp,) 


— 


Fig. 3. Phases of suborbital re-entry flight. 


with the corresponding angle of attack, lift coeffi- 
cient, and drag coefficient given by 


a = rad 
CL = Ci, Cp,” 
Cy = (1 + C,,) Co, 


Thus, a wing capable of (L/D)mar = 2.0 must 
have Cp, ~ 0.034 and, between C,,,,, and 
(L/D) maz, can Change its drag coefficient roughly by 
a factor of ten and its lift coefficient roughly by a 
factor of four. The lift and drag characteristics of a 
hypothetical aircraft defined by Eqs. (6) and (7) 
and capable of a maximum lift-to-drag ratio of 2 
are plotted in Fig. 5, and will be used in many of 
the numerical illustrations given in this paper. 

The lift-to-drag ratio is an important parameter 
which, together with the bank angle, determines such 
performance characteristics as the longitudinal and 
lateral range of the aircraft and its time of flight. 
In fact, the maximum longitudinal range is propor- 
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tional to the maximum L/D whereas the maximum 
lateral range may be expressed? approximately by 


= k (L/D)" f@, V;) (8) 


} maz 


where k is a constant. For small deviations of the 
flight path direction y in the lateral plane between 
the initial and final velocity vectors, m ~ 2 and @ ~ 
15°. In general m lies in the range of 1.5 to 2.0 for 
moderately high L/D ratios. 

The maximum L/D and ¢ capabilities of the air- 
craft together with its range of modulation of L/D 
determine the so-called ‘‘Dyna-Soar footprints” 
which envelope the landing sites which the aircraft 
can reach from a given set of initial conditions. The 
Dyna-Soar footprints as a function of L/D are 
shown in Fig. 6 for an initial velocity of 25,000 
ft/sec. It may be noted that the area covered by 
the L/D = 1 contour is roughly that of the con- 
tinental United States, excluding Alaska. 

The maximum lift-to-drag ratio is not a constant 
but changes with Mach number and Reynolds 
A typical dependence of L/D on M is 
illustrated qualitatively in Fig. 7. 


number. 
It is seen from 
Fig. 5, however, that corresponding to any given 
value of L/D there are two lift coefficients in the 
range of angles of attack shown. In accordance 
with Eqs. (2) and (3), this corresponds to two equi- 
librium flight trajectories flown at different altitudes 
but at the same L/D and bank angle. Except during 
the landing phase of flight, conventional aircraft nor- 
mally operate at angles of attack equal to or less 
than those corresponding to (L/D)mar. In the 
hypersonic flight regime of severe heating, the Dyna- 
Soar and similar radiation cooled orbital re-entry 


Fig. 4. Forces act- 
ing on the vehicle in 
hypersonic glide. 


aircraft would normally operate in the range of 
angles of attack roughly between those correspond- 
ing to Cyy,e, and (L/D)maz. The reason for this 
flight technique may be explained by considering, 
for example, the relation for laminar convective 
heating rate* 


where / is a geometric scale parameter. Substituting 
for p from Egs. (2) and (3), the following relation 


* At suborbital velocities, radiative heating makes a negli- 
gible contribution to convective heating. 


4 6 a 0 2 4 6 


Fig. 5. Performance characteristics of (t/Dhinvax = 2.0 wing based ona 
Newtonian polar. 


between heating rate, altitude, and lift coefficient 
in equilibrium flight is obtained 


L/2 (C, cos 
28) 3.15 


(10) 


q ~ (W/S)'? 


Thus, at a given velocity and for a given aircraft, 
critical heating rates are reduced by increasing the 
lift coefficient, or by flying at the higher altitude. A 
radiation cooled surface reaches equilibrium at the 
temperature which balances the heat input with the 
heat radiated 

~ (11) 
where « is the surface emissivity. Thus, critical sur- 
face temperatures are also reduced with increasing 
lift coefficient. From Eqs. (10) and (11), it can be 
deduced also that given the size and performance 
requirements of such an aircraft [i.e., C, modulation 
capability Crmar, (L/D)mar or Cp,, the tempera- 
ture allowables of the materials and structures deter- 
mine, to a large extent, the wing loading W/S of the 
aircraft. Fig. 8 illustrates this fact by a typical 
example of a wing with performance characteristics 
given by Fig. 5, in terms of laminar heating of the 
stagnation point and turbulent heating at a certain 
point on the bottom surface. 

Of course, the designer must consider many other 
variables such as wing sweep, dihedral, landing per- 
formance, stability and control, etc. Moreover, the 
distribution of heat transfer and surface temperature 
over the wing is not a simple function of angle of 
attack. More will be said of these phases later. It 
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Fig. 6. Dyna-Soar 
footprints (V; = 
25,000 ft/sec). 


Fig. 7. Typical de- 
pendence of trimmed 
(L/D) ONmaz M, 


is found also that for such a winged aircraft as the 
Dyna-Soar, provided it is not volume-limited, the 
ratio of the gross weight to structures or inert weight 
tends to increase with increasing wing loading and 
hence temperature, until either increases in weight 
due to exotic high temperature materials and struc- 
tures exceed the reduction in weight due to higher 
wing loading, or the performance margins of the air- 
craft deteriorate to unacceptable levels. Thus, it is 
desirable to maximize the lift coefficient capability 
and the wing loading consistent with performance 
requirements and with the materials and structures 
state of the art. 

Returning to the two trajectories which can be 
flown at a given L/D, the upper trajectory flown at 
the higher angles of attack reduces critical heating. 
Total heating of such aircraft is also minimized by 
flying at high angles of attack through the hypersonic 
regime.* It may be noted that at a given V, ¢, and 
L/D, even though C,; and Cp are different, the mag- 
nitudes of the lift and drag forces Z and D on the 
two trajectories are the same. However, on the 
upper trajectory the ratio of energy dissipated by 


| NOSE DIAMETER FOOT 
Cys 2 200 
= 2° 
| 
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— —— STAGNATION POINT 
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Fig. 8. Dependence of wing loading on structural temperatures for a 
radiation cooled vehicle. 
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pressure drag to that by friction drag is larger tha: 
on the lower trajectory. 


General Design Considerations 


Flight Envelope 


The flight envelope of Dyna-Soar type aircraft is 
illustrated in Fig. 9, which shows a typical flight 
trajectory bounded by the temperature and load 
design limits and the recovery ceilings. The design 
limit represents the envelope of several placards such 
as laminar heating, turbulent heating, load factor, 
flutter, etc., which assume importance at different 
velocity ranges. In a real design, there will be a 
certain margin between the design limit and the 
placards to allow for such things as uncertainties in 
aerodynamic coefficients, heating rates, surface 
emissivity, winds, materials allowables, etc. Thus, 
there must be a positive altitude margin between the 
flight trajectory, with due allowances made for 
banked flight, and the design limit throughout the 
flight regime. The required margin is established by 
the desired maneuver capabilities, angle of attack dis- 
persions, and the recovery ceiling of the aircraft as 
will be discussed presently. 


Maneuver Margin 


[t is important to point out first that the design 
limit line shown in Fig. 9 is not a unique function 
of velocity but, at a given velocity, depends on the 
angle of attack or lift coefficient. This fact may be 
illustrated conveniently by an h-C, diagram as shown 
in Fig. 10. Shown in this figure are the loci of the 
equilibrium flight conditions and the design placards 
as a function of angle of attack. It is evident that, 
where aerodynamic heating establishes the design 
limit, points on the upper surface such as the fuse- 
lage and fin leading edges will become critical at 
low and/or negative angles of attack, and that the 
bottom surface will set the design limits at the 
higher angles of attack. It is evident also that 
there must be a positive altitude margin, known as 
the maneuver margin, throughout the operating 
range of angles of attack and bank angles, between 
the equilibrium flight conditions and the design 
limit. As in Fig. 9, additional margin exists between 
the design and placard limits to allow for dispersions 
and uncertainties. 

The maneuver margin also establishes and/or is 
established by the capabilities of the aircraft to re- 
cover from nonequilibrium initial conditions at re- 
entry, during boost, or difficult situations which the 
aircraft may get into unintentionally in the course 
of a maneuver or as a result of malfunction. 


Recovery Ceiling 


Referring to Fig. 9, suppose that a requirement 
exists, and it may well exist for manned flight, that 
the aircraft be capable of escaping and recovering 
safely from any point along the boost trajectory 
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which generally lies well above the equilibrium flight 
trajectory.* If such a requirement exists, then the 
boost trajectory and/or the maneuver margin of the 
aircraft must be such that there exists a positive 
altitude margin between the design ceiling and the 
boost trajectory. Furthermore, an allowance must 
be made between the “‘ideal’”’ recovery ceiling, which 
will be analyzed further in this section, and the de- 
sign ceiling to account for such factors as errors in 
the guidance system, differences between tapeline 
and density altitudes, winds, etc. 

Let the initial conditions at a certain velocity be 
defined by h, and h; as shown in Fig. 11. If the air- 
craft has an initial rate of sink h, < 0, its fall will be 
arrested at, say, b and followed by a maneuver to 
transfer to a desired equilibrium trajectory at /,. 
If the aircraft has an initial rate of rise, h, > 0, then 
it will rise to a local apogee at A followed by the 
fall arrest and transfer maneuvers, as before, from 
A to b’ to f,’. 
ducted without exceeding design limits. 

Referring to Fig. 10, when h; < 0 the maximum 
arrest capability is obtained by pulling Cz,,,, and 
od 0 as soon as possible (7 to a) and holding it 
until the aircraft falls to the design limit altitude 
for Cimar at b. This is followed by a maneuver from 
b to c along which the lift coefficient is modulated in 
such a way that the design limit is not exceeded. 
Thus, the recovery ceiling in this case is that local 
apogee altitude (h = ha, h = 0) starting at which 
the aircraft will fall through the (A; — h;) combina- 
tion at C.,,, and @ = O, and its fall will be ar- 
rested at c where (h = h,, he= 0). 

It is seen from Fig. 10 also that if h, < 0 but h, 
is lower than the design limit altitude for Cz,,,,, 
maximum recovery performance is obtained by 
flying the sequence indicated by 7’b’c. If the air- 
craft has an initial rate of rise, then maximum re- 
covery performance is obtained by rolling the air- 
craft on its back, ¢ = 7m, and pulling Cz,,,, until 
the rise is arrested (or if such a roll maneuver is diffi- 
cult to perform, maintaining as low an angle of 
attack as possible), then rolling it back to ¢ = 0 
at Crime, and following a maneuver similar to those 
discussed previously. 

It is important to note that rolling about the body 
axis, particularly at high angles of attack, produces 
large sideslip velocities and severe overheating of 
components such as the wing leading edges, fuse- 
lage, and vertical fins. Hence sideslip must be 
minimized by “co-ordinating” all turns during 
critical phases of flight. 

Using the equality h = (1/2) (dh?/dh), Eq. (1) 
can, in principle, be integrated following the re- 
covery sequence previously discussed to determine 
the hy — hy recovery envelope. This procedure re- 


All these maneuvers must be con- 


* For reasons such as to reduce dynamic pressures, bending 
moments, aerodynamic heating and drag, etc., of the air 
vehicle during boost. 
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Fig. 9. Typical flight envelope. 


quires determination of the relation between V and 
h during the maneuver from the lift and drag 
characteristics, and the nonuniform dependence 
of the maneuver margin on V and C, (Figs. 9 and 
10) necessitates lengthy numerical and/or graphical 
integration to calculate accurately the recovery 
envelopes of a real aircraft. However, at hypersonic 
velocities, the change in velocity during recovery 
maneuvers of such aircraft usually is but a small 
fraction of the initial velocity while the density, 
for example, may change by several factors. In 
order to illustrate the dependence of the recovery 
envelope on the maneuver margin, we may assume 
further an average maneuver margin Ah, which is 
a constant over the range of operating lift coefficients. 
Thus, 


Ahm (V) = he (Ci; V) — ha (Cr; V) 


where h, and hq are the equilibrium flight (at ¢ 
= 0) and design limit altitudes, respectively, at a 
given C; and V. With these assumptions, Eq. (1) 
is readily integrated and, for the first of the three 


Fig. 10. Typical maneuver corridor. 
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sets of initial conditions mentioned previously one 
obtains 


hi? 
+ (1 V [ha (Cumin) hy) 
V 2S hd(C Laz) 
| Cimee f p(h)dh + 
hi 


Linin) 
p(h)Ci, (h + | (12) 


J ha(CL, az) 


The first integral on the right-hand side is the 
contribution from a to b, and the second integral is 
that from 6 to c in Fig. 10. From the relation be- 
tween C,,, p, and h given by Eqs. (2) and (3), Eq. 
(12) is integrated to obtain, for h; < 0 and h; > 
RAC 


[hi | = 


[hi—he(CLmaz) 


Be (Ae(Cimar) he(Cimin) Ahr, | 


Ahm 


é [Ae(Cimar) he(Cimin) B| (15) 


The recovery envelopes for the other two cases can 
similarly be derived. The results are shown in Fig. 
12, in co-ordinate variables so chosen that the curves 
are independent of velocity, for an aircraft which is 
capable of (Cingz)/(Cimin) = 4-0 for maneuver mar- 
gins of 10,000, 20,000, and 30,000 ft. This hypo- 
thetical aircraft can recover, without exceeding 
design limits, from any set of initial conditions which 
fall inside the envelope corresponding to the ma- 
neuver margin capability Ah,, of the aircraft. Its re- 
covery ceiling at a certain velocity is simply the 
intersection of the appropriate recovery envelope 
with the ordinate (h = 0) above the origin, ex- 
pressed as the altitude above the equilibrium flight 
altitude for C_,,,, and @ = 0 at that velocity. The 
recovery envelope relates the recovery ceiling to 
equivalent sets of altitudes and rates of sink. For 
initial conditions falling on the recovery envelope, 
the aircraft proceeds clockwise at C_,,,, along the 


Fig. 11. Recovery 
maneuver sequence. 
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solid portion of the envelope, followed by the modu 
lated lift program, as shown in Fig. 12, along th: 
dashed line portion of the envelope, until its fall is 
arrested at the ordinate below the origin at C, 
Crimi This is normally followed by a maneuver, 
not shown on Fig. 12, which establishes the aircraft 
on a desired equilibrium flight trajectory. 


Flight Technique 


At re-entry, and during much of hypersonic 
flight, the total energy of the aircraft consists pri- 
marily of kinetic energy with the potential energy 
assuming importance during the terminal phase of 
flight. The large accessibility envelopes or the areas 
covered by the “footprints” of Dyna-Soar type air- 
craft in atmospheric flight are a result of their high 
aerodynamic efficiency, relative to ballistic and low 
L/D vehicles, and their maneuver capabilities in 
hypersonic flight, which are utilized to ‘manage’ 
the large kinetic energy possessed by the aircraft 
properly in order to reach a desired landing site. 

These facts suggest that velocity is a primary 
control parameter and that it can be “burned up” 
by modulating C, (equivalent to modulating Cp or 
a) and ¢ to affect range control. Thus, given the 
initial velocity, azimuth heading, and position over 
the earth, of the aircraft at any time, an accessibility 
contour diagram such as that shown in Fig. 13* can 
be displayed to the pilot showing him, as a refer- 
ence, the combinations of angle of attack and bank 


Fig. 12. Dependence of recovery envelope on maneuver margin. 


angle which, in equilibrium flight, will fly the air- 
craft to the vicinity of a certain spot on the earth. 
In order to assure his safety during maneuvering 
flight, the pilot must also be given, first, certain in- 
formation with respect to his current situation (such 
as sideslip, rate of sink, reference temperatures, 
angle of attack, etc.). He must further be given 
* The distortion of the accessibility contours is produced by 
the earth’s rotation and depends on the azimuth heading. 
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some information with which he can anticipate 
future problems and the maneuvers which he must 
initiate in order to avoid them. For example, sup- 
pose that at a given time, the h-h conditions of the 
aircraft fell near its recovery envelope, shown in Fig. 
12, at an altitude well above its equilibrium flight 
corridor at that velocity. An instantaneous tem- 
perature situation display would show plenty of 
margin with respect to design limit temperatures 
but, by itself, would give no warning of the fact 
that unless a drastic maneuver is initiated, violation 
of the design limits at some future time is un- 
avoidable. 

With the aid of the type of information given in 
Figs. 12 and 13, properly mechanized and calcu- 
lated accurately for a given aircraft, and other flight 


Fig. 13. Typical a-@ accessibility contours. 


instruments for boost, orbital flight, hypersonic 
flight, terminal flight and landing, the pilot is 
provided the necessary information with which to 
conduct a safe and successful mission. The par- 
ticular choice of instruments, measured parameters, 
mechanization, and display variables depends on the 
accuracy, reliability, weight, etc., of the sensors and 
the operations required to transform the signals 
generated by the sensors to a form suitable for the 
pilot’s displays. For example, the information 
equivalent to that displayed by Fig. 12 in terms of 
h and h can be measured and displayed equally well 
in terms of a and N. Some of the information may 
have to be processed prior to being displayed by an 
airborne guidance system. A conceptual guidance 
and range-control system is treated further in the 
following section. 


Guidance 


The previous discussion has indicated that V, a, 
and ¢, or an equivalent set of variables, are funda- 
mental for energy management and range control. 
Thus, in the automatic or unpiloted mode of flight, 
given present position, velocity, and the position of 
the landing site (Fig. 14), a simple guidance relation 
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Fig. 14. Conceptual guidance and range-control system for a piloted 


re-entry vehicle. 


for range control‘ might be 
{@%nin Q@nominal Ke ( V— nominal) 
4 
@command Ky 


where Qnominal €2Nd Vnominai are the predetermined, 
desired angle of attack and velocity as a function of 
range to go, and y’ is the angle between the in- 
stantaneous heading of the velocity vector and the 
heading of the great circle line between the present 
position and the landing site. A, and Ky are feed- 
back system gains compatible with guidance system 
stability, accuracy, flight control system response 
capability, etc., and a@commanad iS bounded by the 
operating range of angles of attack of the aircraft. 

As with the piloted case, it is necessary that the 
maneuvers commanded by the guidance system do 
not violate temperature and load-design limits. In 
line with the previous discussion, a term depending 
on hy, the rate of sink from which the equilibrium 
flight rate of sink has been filtered out, with a suita- 
ble gain Aj, may be added to Eq. (14) to assure 
that any reasonable maneuvers commanded by the 
system are executed safely and dispersions from 
equilibrium flight conditions damped out. Further 
refinements to the simple guidance law expressed 
by Egs. (14) and (15) to account for additional fac- 
tors and restrictions can be made. 

Fig. 15 is an example of the effectiveness of the 
simple guidance law given by Eq. (14) for a “‘once- 
around”’ flight of 20,000 n. mi. range. The nominal 
trajectory is compared with two dispersed trajec- 
tories, controlled by Eq. (14), where the dispersions 
in initial velocity, altitude, and altitude rate are 
quite large and their effects additive. If the guid- 
ance information is generated by an inertial system, 
such simple guidance laws as expressed by Eggs. 
(14) and (15) become increasingly inadequate for 


(14) 
(15) 
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Fig. 15. “Once-around mission” range control by a simple a-V guid- 
ance law. 


long space and/or orbital missions. The navigation 
errors of the inertial system must be corrected and 
the information updated by ground or star tracking 
to establish guidance conditions suitable for re- 
entry. The accuracy requirements of the critical 
components of an inertial navigation system for 
multiple orbit missions of Dyna-Soar type aircraft 
are summarized in Fig. 16. 


Stability and Control 


The flight spectrum of the Dyna-Soar covers the 
range of velocities from some 150 to 200 knots at 
landing, through subsonic, transonic, supersonic, 
hypersonic up to orbital velocities. The altitudes 
range from sea level to several hundred miles above 
the surface of the earth. Its angle of attack is 
modulated over a much wider range than that of 
more conventional aircraft. Over these wide spectra 
of Mach numbers, Reynolds numbers, dynamic 
pressures, angles of attack, the aircraft must be 
stable, fully controllable, and must possess ac- 
ceptable handling qualities for piloted flight. 

In flying through the hypersonic down to subsonic 
velocities, a substantial excursion takes place in the 
location of the aerodynamic center. A_ typical 
qualitative illustration is given in Fig. 17. In the 
hypersonic flight regime and at hypersonic flight 
attitudes, the aerodynamic center shifts slowly to 
the rear with increasing Mach number. 

The rearward location of the aerodynamic center 
on such low aspect ratio aircraft results in the follow- 
ing typical characteristics, particularly at low 
angles of attack: The geometry of the forward por- 
tion of the aircraft has a strong influence on longi- 
tudinal and directional stability. Again at low 
angles of attack in hypersonic flight, normally ac- 
companied by low Reynolds numbers, the high en- 
tropy air behind the shock layer which flows around 
the blunt leading surfaces and over the iong chord of 
the wings develops into thick boundary layers and a 
low-q flow field over the control surfaces. Control 
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effectiveness is thus reduced and necessitates the use 
of relatively large control surfaces of long chord 
length. It is also evident from the geometry of the 
low aspect ratio configuration, with the wing leading 
edges swept sharply to reduce aerodynamic heating, 
that the moment of inertia about the roll axis is 
smaller than those around the pitch and yaw axes. 
A strong coupling may be produced between roll 
and yaw or sideslip by the asymmetric pressure dis 
tribution induced over the wings by the long fuselage 
in yawed flight. 

A different type of coupling, which is important to 
avoid or minimize, is that between the aircraft fre 


quency of motion, we, control surface response fre 


Fig. 16. Inertial 
guidance system com- 
ponent accuracy re- 
| quirements for Dyna- 
Soar. 


Fig. 17. Excursion 
of trimmed aerody- 
S namic center with Mach 
number. 


quency, w,, and structural vibration frequencies «, 
To maintain control authority over the vehicle 
motion, it is desirable to make w, as high with re- 
spect to wo as is compatible with power available for 
the flight control subsystem. Similarly, to avoid 
erroneous indications of control effectiveness and 
instabilities in the control loop, w, must be distinct 
from and preferably higher than both w, and wo. The 
relatively large bending moments and deflections pro 
duced by the lifting payload on the highly efficient and 
flexible structures of current boosters, and the re 
duced structural stiffness of the aircraft operating 
at elevated temperatures during re-entry tend to re 
duce the range of frequencies between wo and w,, and 
pose flight control and dynamic stability problems 
during boost as well as re-entry. 

The handling qualities of aircraft are evaluated 
by empirical standards established by flight experi 
ence and simulator studies on the ground. Figs. 18 
and 19 are examples of such evaluation of flying 
qualities expressed in terms of a characteristics mo 
tion and the damping of such motion of the aircraft 
With increasing Mach number at hypersonic veloci 
ties, the weight of the aircraft is increasingly sup 
ported by the centrifugal force. Consequently the 
restoring aerodynamic moments acting on the air 
craft at a given C;, and ¢ are reduced and, beyond a 
certain velocity, at a faster rate than any com 
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peusating effect of the slow rearward shift of the 
aerodynamic center. Thus, the frequency of the 
short period of motion in pitch is reduced, and 
strong coupling may develop between roll and side- 
slip as mentioned previously. It is known also that 
aerodynamic damping of the aircraft decreases with 
increasing velocity. The result is that with increas- 
ing Mach number the “unaugmented’’ handling 
qualities of such hypersonic aircraft as the Dyna-Soar 
gravitate to the shaded areas shown in Figs. 18 and 
19, away from the desired regions. Thus, the need 
for some form of stability augmentation is indi- 
Actual flight data and experience under 
these conditions are very scarce, however, and simu- 


cated. 


lator studies suggest that the ‘“‘emergency”’ evalua- 
tion at such low frequencies and rates of motion may 
be unduly conservative. 


Aerodynamic Heating 


At the hypersonic velocities at which the Dyna- 
Soar will operate, methods are currently available to 
calculate pressure and heat transfer distributions 
over relatively simple configurations with confi- 
dence. Examples are blunt bodies of revolution, flat 
plates at angle of attack, leading edges with sweep, 
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etc. On more complex shapes and particularly on 
problems of a local nature, semiempirical methods 
are used where necessary, supported by extensive 
experimental data. Such situations arise in regions 
of interfering boundary layers, shock impingement on 
a surface, regions of flow separation and reattach- 
ment, etc., such as may exist over control surfaces, 
wing-body or fin-wing junctions, and local problems 
around holes, cracks, surface roughness and dis- 
continuities. 

The Dyna-Soar has a flat-bottomed triangular 
wing with blunt leading edges. Three problems 
peculiar to this type of three-dimensional wing op- 
erating at high Mach numbers, low Reynolds num- 
bers, and over a wide range of angles of attack are 
worth mentioning. One is the displacement thickness 


effect of the boundary layer over the upper and 
lower surfaces which significantly influences the pres- 
sure distributions and performance of the aircraft 
at low angles of attack, near (L/D)mar regime of 
operation, in an adverse fashion. The second is the 
important downstream influence of leading edge 
and nose bluntness on the flow field and boundary 
layer characteristics.° The third is the divergence of 
the streamlines and resulting outflow over the sur- 
face of the three-dimensional wing with increasing 
angle of attack (Fig. 20) as the centerline down- 
stream of the nose on the bottom surface tends to 
become a leading edge. This has the effect of thin- 
ning the boundary layer and increasing the rates 
of heat transfer along the centerline near the nose 
at high angles of attack. As shown in Fig. 20, with 
increasing angle of attack the downstream regions 
of the wing leading edges may become, in effect, 
trailing edges, thus making the distribution of heat- 
transfer rates and temperatures strongly dependent 
on the angle of attack. Fig. 21 shows, qualitatively, 
the isotherms on a wing typical of that of the Dyna- 
Soar at low and high angles of attack.* 

The rates of heat transfer typically experienced 
by such aircraft are shown in Fig. 22 and are seen 
to be low in comparison to ballistic missile entry 
rates and the rates which such aircraft would ex- 
perience during super-orbital entry phases of flight. 


Structures and Materials 


The range of conditions under which the Dyna- 
Soar must operate necessitates the use of a variety 
of materials and structural components to fulfill 
different requirements. For example, at hypersonic 
Mach numbers in the regime of severe heating, aero- 
dynamic loads are relatively low but temperatures 
and thermal stresses are high. Thermal protection 

* At angles of attack approaching 90°, the stagnation point 
will shift from the nose to the bottom surface and an isotherm 
pattern still different from those shown in Fig. 21 will result. 
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type of development aircraft by considerations o 
reliability, state-of-the-art, and the localized natur: 
of protection which they offer. 

Protected by the heat shield and insulated fron 
it, where appropriate, are the primary load-carrying 
structure and the pressure-tight, environment-con 
trolled compartments. The internal framework 
must be statically determinate with respect to ther 
mal deformations. The panels and shells must be 
designed to accommodate thermal deformations and 
to minimize thermal stresses. 

Che operating temperatures of such aircraft de- 
mand, in addition to the standard aluminum and 
steel alloys of conventional aircraft, high-tempera- 


ture materials* such as super-alloys,* refractory 

ira 

Fig. 20. Oil streak photograph showing divergence of streamlines 
on surface at high angles of attack (Boeing hypersonic wind-tunnel photo, tal 
M = 6,a = 55°). tel 

HIGH NICKEL ALLOY 

su! 
. . . . . tel 
in this phase of flight is provided by a temperature oe 
resistant heat shield operating at an equilibrium pr 
temperature which radiates most of the convective pr 
heat back to the atmosphere. The choice of radia- = 
tion cooling for Dyna-Soar rather than ablation or flv 
heat-sink cooling follows from the long periods of pe 
flight (Fig. 23) at relatively low rates of heat transfer pr 
(Fig. 22) and by the large magnitude of total heat ill 
absorbed. Other techniques such as transpiration - 

and magnetohydrodynamic cooling are precluded 
as the primary scheme of thermal protection for this Ci 
Sc 
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Fig. 21. Isotherms 
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Fig. 24. Variation of strength with temperature of high-temperature et 
ENTE structural materials. 
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alloys, and ceramics. Temperature-resistant glassy 


Fig. 22. Typical and dielectric materials are also needed for such 
1 heatin rates alon i 
wo eps Mca eso uses as windows for vision and airborne antennas for 


voice communications, telemetry, tracking, etc. 
Fig. 24 shows the variation of strength with tem- 
perature and the approximate melting temperatures 
of certain refractory materials with melting tem- 
peratures greater than 2,000°C (3,600°F). Also 
shown are the properties of a high nickel alloy. 
From this figure it is interesting to compute the rela 
tive weights of simple tension members to carry a 


Fig. 23. Depend- 


ence of time of flight prescribed load as a function of temperature. Such 
on hypersonic perform- a comparison is given in Fig. 25. 
en. vacce ance. 


300,000 FOOT ALITUDE 


* A term commonly used for alloys with high nickel, co- 
minutes balt, and/or chromium content. 
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Fig. 25. Relative 
weight of high-tem- 
perature structures. 


It is important to note that alloys based on re- 
fractory metals such as molybdenum, columbium, 
tantalum, tungsten are oxidized catastrophically at 
temperatures well below their melting points. Hence, 
surfaces of such materials must be protected by high- 
temperature coatings of high surface emissivity in 
radiation. Furthermore, refractory alloys are, at the 
present time, brittle and difficult to machine and 
process. Thus, the selection of the proper materials 
for a given application for the Dyna-Soar is in- 
fluenced by many factors in addition to high-tem- 
perature strength, such as availability, cost, weight, 
processing, fabrication. Figs. 26 through 29 are 
illustrative of the type of structures and materials 
considered for the Dyna-Soar. 


Communications 


The flight regime and environment of the Dyna- 
Soar pose a new and unique problem common to all 
such aircraft. Namely, the energy dissipated in 
drag by the aircraft and imparted to the mass of air 
within the shock layer wrapped around the vehicle 
is of such magnitude that the air is ionized and be- 
comes an electric conductor. This ‘“‘plasma sheath,”’ 
illustrated in Fig. 30, interferes with fommunica- 
tions through the mechanisms of electromagnetic 
absorption, reflection, refraction, phase ‘shift, noise, 
etc. 


Fig. 26. Incomplete assembly of ceramic test component. 


Fig. 31 may be used to illustrate further the nature 
of the problem and is representative of signal at- 
tenuation in the plasma environment of the Dyna- 
Soar. The exact magnitude and the range of fre- 
quencies of the strong attenuation in the neighbor- 
hood of fp/fo = 1 is dependent on many factors, 
to be discussed presently, but can be quite severe 
during certain periods of the boosted or re-entry 
flight. The maximum plasma frequencies in the 
flow field normal to the bottom surface at a point 
20 ft downstream from the blunt leading edge of a 
two-dimensional flat plate along equilibrium flight 
trajectories is illustrated in Fig. 32. 

From Figs. 31 and 32 it can be deduced that in 
order to avoid strong attenuation or blackout 
throughout the duration of flight for this hypo- 
thetical wing and antenna location, it is necessary to 


Fig. 27. Coated molybdenum leading edge assembly mounted on test 


fixture. 


select an operating frequency somewhat higher than 
the maximum plasma frequency expected during 
flight. 

However, with the calculated plasma frequencies 
there are associated two major types of uncertainties. 
One is caused by uncertainties in the gas descrip- 
tion, that is, the level of equilibrium and chemical 
composition of the plasma sheath used to determine 
collision frequencies and electron densities. The 
situation is further complicated by the highly non- 
uniform nature of the flow field and possible existence 
of regions of flow separation. Errors of the second 
type are introduced by the approximations which 
must be made to solve the complex, three-dimen- 
sional propagation problem through the nonhomo- 
geneous plasma at different look angles. At certain 
attitudes, the airframe may interfere with the direc- 
tion of propagation. During boost at high altitudes, 
the rocket plume may intercept the look angle and 
cause attenuation. 

Considering all these factors, it may be stated that 
the level of uncertainty introduced to the deter- 
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Fig. 28. Insulated superalloy panels and truss structure of forward 
body mounted on radiant heating facility. 


Fig. 29. Coated molybdenum heat shield skin panels with attachment 
clips mounted on inner (insulated) face. 


mination of the propagation frequency is about one 
order in magnitude. Thus the cost, weight, and com- 
plexity of super high frequency communications sys- 
tems must be weighted against the risk of loss of com- 
munications during the important flight regime of 
severe heating which, as can be deduced from Fig. 25, 
is a substantial fraction of re-entry flight time. It 
is found, however, that judicious selection of antenna 
location or other means of maintaining a com- 
munications “‘window’’ can significantly help to 
alleviate the problem.* 


Ground Test Facilities 


The development of such aircraft operating over 
the spectra of Mach numbers and Reynolds num- 
bers and possessing flying qualities acceptable for 
piloted flight demands an immense amount of test- 
ing related to such diverse activities as aerodynamics, 
structures, subsystems, human factors. Hence the 
development of Dyna-Soar has benefited, in no 
small measure, from the progress registered, in re- 
cent years, by testing, measurement, and environ- 
mental simulation techniques at conditions corre- 
sponding to the highest Mach numbers of concern to 
the Dyna-Soar. 


* For a more comprehensive treatment of the communica 
tions problems associated with lifting re-entry vehiclcs, the 
reader is referred to Ref. 7. 
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Contributions of Dyna-Soar to Aerospace 
Technology 


[he progress of technology rests heavily on the 
give-and-take and synthesis of knowledge and ex- 
perience accumulated in diverse fields of engineering 
and science. Having attempted this sketchy review 
of the state of the art which makes the Dyna-Soar 
currently feasible, it is interesting to speculate 
briefly, in closing this review, about the contribu- 
tions which the Dyna-Soar can make to the further 
progress of aerospace technology, quite aside from 
its operational utility in space missions.® 

Che design features which give the Dyna-Soar its 
capabilities in atmospheric flight do not necessarily 
contribute to its performance in space. However, 
even if hypersonic flight were to remain no more 


than a transient domain of flight in future aerospace 
operations, it is one which can be avoided neither in 
the initial phase of putting a payload in orbit, nor 


Fig. 30. Luminous plasma sheath around Dyna-Soar model (Boeing 44- 
in. hot shot tunnel photo, M = 16, T, = 6,000° F). 


Fig. 31. Electro- 
magnetic signal atten- 
vation in plasma en- 
vironment (Ay = free 


3 space wavelength of 
5 cperating signal, f 
“ = plasma frequency, 
and fy) = operating 
frequency). 
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Fig. 32. Typical maximum plasma frequencies in the environment of 
hypersonic aircraft. 


in the terminal phase of recovering it, particularly 
if it happens to be a manned payload, safely and 
efficiently from orbit. 

At the present time, rocket propulsion, sub- 
stituted for the weight of wings for re-entry range 
control, does not compare favorably with the 
maneuverability, flight corridor exploration and 
landing capabilities of winged aerospace craft. A 


unique feature of the Dyna-Soar concept is the long 
time spent in hypersonic flight, which permits the 
conduct of experiments on many of the problems 
discussed previously, such as heat transfer and elec- 
tromagnetic propagation through the plasma sheath, 
under carefully controlled conditions and in the 
true flight environment. The aircraft can serve 
also as a test bed or carrier to develop advanced 
concepts of thermal protection, shielding, propulsion, 
etc., and to flight-test components or models of 
future aerospace craft. Finally, evaluation of the 
development problems and the case for such large 
conceptual vehicles as the reusable booster and the 
“‘space-plane”’ will be aided immensely by the aero- 
dynamic, structural, operational performance of the 
Dyna-Soar and the technological foundations which 
it will have laid. 
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Performance Nomograms for GEM’s (continued from page 11) 


Given: Ww = 10 tons 
W/S = 30 lbs/ft? 
V = 100 mph 
Cp = 0.08 
Find: Propulsion 
power 
Answer: Step 1—momentum drag power per 
ton, scale C 23 
Step 2—aerodynamic drag power per 
ton, scale H 45 
Step 3—propulsion power per ton, 
scale I 68 
Step 4—total propulsion power, scale 
L 680 bhp 


Maneuverability 


Chart 3 represents the three most important ele- 
ments of GEM maneuverability—gradability, stop- 


ping distance, and turning radius. The analysis is 
based on a vehicle with a separate propulsion system. 
If the entire propulsion power can be made available 
for maneuvering (as, for example, with variable 
speed propellers on a rotating mount), the propul- 
sion power per ton (scale J on Chart 2) can be used 
as a baseline. A propulsive efficiency of 80 percent 
has been assumed. 
The analytic functions are: 


(1) Gradability (percent) = (15.0 X bhp/ton)/ 
Vinph but the power available must be reduced by the 
drag power at the selected V. 

(2) Stopping distance (ft) = 0.140 V*mpn/bhp/ton 
including an approximation for drag effects. 

(3) Turning radius (ft) = 0.445 V'npn/bhp/ton 
at zero bank angle. 
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Scale A is turning radius, ft; B is stopping dis- 
tance, ft; Cis velocity V, mph; D is available power, 
bhp/ton, same as scale J on Chart 2 if total propul- 
sive power is available for maneuvering; E is 
velocity; and F is gradability, percent 

For given maneuvering characteristics, the re- 
quired power may also be found (Chart 3). Example: 


Given: bhp/ton = 68 (see example for Chart 2). 
Find: turning radius at 100 mph and stopping distance 


from 100 mph, gradability at 20 mph (drag 


power negligible). 
Answer: turning radius, scale A 6,600 ft 
stopping distance, scale B 2,000 ft 
gradability, scale F 50 percent 


Nomogram Accuracies 


Numerous designs calculated independently have 
been evaluated by using the charts described; where 
assumed efficiencies are in keeping with the stated 


values, good agreement within 10 percent is obtained, 
even when charts are used rapidly and without drait- 
ing precision. Accuracy is, therefore, considered 
satisfactory for most preliminary design first-step 
calculations. 


General Remarks 

rhe various efficiencies used in the calculations for 
each chart are considered practical, present state- 
of-the-art efficiencies, and include achievable fan 
limitations and the effects of mixing within the jet 
and boundary layer. Jet discharge angles and jet 
widths have been optimized for each operating condi- 
tion in accordance with observed and extrapolated 
model test data. It is anticipated that stability 
power requirements will increase total power re- 
quirements by some 15 percent, at the present time, 
based on published Saunders-Roe and SAAB data, 
and a term will be introduced to these charts when 
more information becomes available. 


Propulsion Systems for Laminar Flow Aircraft (continued from poge 17) 


Effect of Laminarization on Aircraft 
Performance 


Fig. 3 shows lift-drag ratios typical of hypothetical 
low-drag suction transport airplanes for various 
degrees of laminarization. With increasing ratio of 
laminar to total wetted area of the airplane, the lift- 
drag ratio increases, until phenomenal lift to drag 
ratios are attained in the ideal case of 100 percent 
laminar flow over the aircraft surfaces. With the 
present state of knowledge, practically full chord 
laminar flow is justifiable over wing, tail, and strut 
surfaces, and probably on the wing nacelles during 
cruise.!* 15 

Fig. 4 compares the payload-range characteristics 
of a conventional turbulent flow aircraft with those 
of a laminar flow aircraft. Both turbofan-powered 
aircraft are designed to cruise in the Mach 0.80—0.85 
range with a take-off gross weight of 300,000 Ib 
The laminar flow aircraft was designed for laminar 
flow on wing, tail surfaces, and wing nacelles; turbu- 
lent flow was assumed on the fuselage. Since the 
induced drag of a laminar suction airplane (with its 
low friction drag) is becoming increasingly signifi- 
cant, the optimum wing span and wing area of 
such an airplane will generally be larger than that 
of an optimized turbulent airplane, under otherwise 
similar conditions.” 

The laminar flow aircraft has two high-bypass- 
ratio turbofan engines, located at approximately 
two-thirds half span in the outer wing and driving 
suction compressors in the outer part of the wing by 
means, for example, of a bleed-and-burn cycle sys- 
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tem. Two additional turboshaft engines, possibly 
using the same gas generators as the wing-mounted 
engines, were chosen in the rear fuselage; these drive 
large compressors which pump boundary layer flow 
from the inner part of the wing, tail surfaces and the 
rear part of the turbulent fuselage. (The proposal 
to increase the propulsive efficiency by using suc- 
tion air from turbulent areas, such as on the rear 
fuselage, has been expressed by Ackeret, Lachmann, 
and Kosin.!8: !9) 

Substantial improvements in range (55 to 65 per- 
cent), for a given payload, result from the applica- 
tion of boundary layer suction. The major portion 
of this increase in range is due to the reduced air- 
plane drag and increased lift-to-drag ratio. In addi- 
tion (as will be shown later), since decelerated low- 
energy boundary layer air is used in the propulsion 
system of a low-drag suction airplane, the propulsive 
and overall efficiency of its propulsion system is 
higher than on a nonsuction airplane.” *! Thus, 
part of the range improvement of a laminar suction 
airplane is a result of the reduced specific fuel con- 
sumption of its propulsion system. 


Classification of Propulsion System Configurations 


Origin of Pressure Loss 


To achieve laminarization by currently proved 


methods, a portion of the boundary layer must be 


sucked from the affected surface and pumped over 
board. The air arriving at the face of the suctio: 
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LIFT TO DRAG RATIOS OF LOW DRAG SUCTION AIRPLANES 
WITH VARIOUS PERCENTAGE AMOUNTS OF LAMINAR FLOW 
AIRPLANES OPTIMIZED FOR LAMINAR FLOW ON WING, TAIL, AND NACELLES 


LAMINAR AREAS 
EXTERNALLY — wing 
BRACED WINGS @ WING + TAIL 
50 @ WING + TAIL + NACELLES 
@ @ WING + TAIL + NACELLES 
0 + HALF FUSELAGE 
L © ALL LAMINAR 
30 
i 
20 WINGS | 
TOTAL WETTED AREA 
10 ™LAMINAR WETTED AREA 
0 
0 2 4 6 8 10 


Fig. 3. The potential improvement in L/D is a function of the extent 
of the wetted surfaces which are laminarized. 


| 
compressor is, in general, first accelerated to a ve- 
locity considerably higher than free stream velocity, 
as for example at A in Fig. 5 with a corresponding 
drop in static pressure. This velocity subsequently 
is dissipated by viscous forces as the air passes 
through the boundary layer, arriving at the suction 
slot B with essentially zero velocity (but still at the 
low environmental static pressure). This low-pres- 
sure air is then drawn through the slot and duct 
system with additional pressure losses. Normally, 
most of the pressure drop will be that associated 
with the external flow, which in conventional air- 
craft ends up as viscous drag. To be expelled, this 
air must be pumped back up to at least free-stream 
static pressure, and as indicated in the next section 
will normally be pumped to considerably higher 


RANGE PAYLOAD CURVES OF OPTIMIZED TURBULENT 
AND LOW DRAG SUCTION AIRPLANES 


Wo = 300,000 LBS. 
M=.85 
150,000 T 
ZED LAMINAR SUCTION AIRPLANE 
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100,000 X | T 
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SS LOWER SFC. WITH SUCTION 
50,000 
0 
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Fig. 4. The above is for a representative case and shows the por- 
tion of the improvement which is due to improvement in L/D and the 
portion which is attributable to reduction in specific fuel consumption. 


pressures and expelled at higher velocity in order 
to obtain maximum overall propulsive efficiency. 
In this section, the various means of obtaining power 
to drive the suction compressor will be classified and 
discussed qualitatively. 


Power for the Suction Compressor 


The most obvious means of obtaining the power to 
drive the suction compressor is to take shaft power 
directly from the primary propulsion system as 
indicated in Fig. 6. Power may also be taken from 
the primary propulsion system by means of a free 
turbine operating in the exhaust, with a high pres- 
sure bleed-and-burn scheme or with a compress-and- 
burn system. As indicated in Fig. 6, the thermal 
and propulsive efficiency of all these schemes are 
identical. As a group, the drive systems involving 
power take-off, in one form or another, from the 
primary propulsion system, are designated Class I 
systems. 

Since the thermal and propulsive efficiencies of 
the Class I systems are equal, the specific fuel con- 
sumption of all of these systems will, in theory, be 
the same. In practice, there will be differences in 
component performance, installation weight, and the 
extent to which existing gas generators must be 
compromised to make them adaptable to an overall 
propulsion system of this type. 

A second class of drive configurations develops 
around the general principle of having an auxiliary 
engine, completely separate from the primary pro- 
pulsion system, drive the suction compressor. As 
in the previous case, power may be extracted directly 
from the auxiliary engine, by use of a free turbine, 
by bleeding high-pressure air from the auxiliary 
engine, or by operating an auxiliary compressor which 
supplies air to the auxiliary burner and turbine. 
These configurations are summarized in Fig. 7 and, 
as a group, are designated Class II systems. 

As in the previous case, it readily can be shown 
that the thermal efficiencies of all of the Class II 
configurations are equal and, as a group, will also 
be equal to the thermal efficiency of the Class I 
systems if the pressure ratio, turbine inlet tempera- 
ture, and component efficiencies of the auxiliary 
engine are equal to those of the primary propulsion 
system. 

Although the thermal efficiencies of the Class II 
configurations may be equal to those of the Class I 
group, the net propulsive efficiency will not. In the 
Class I systems, on the one hand, as the power 
extracted from the primary propulsion system in- 
creases, the exhaust velocity of the primary engine 
V, decreases, with the result that the propulsive effi- 
ciency np = {2/[1 + (V,/ Vo)|} of the primary 
propulsion system increases as indicated in Fig. 8. 
As more and more power is fed into the suction 
compressor and the suction air raised to higher and 
higher pressures—i.e., the suction flow discharge 
velocity V,’ increased (the suction flow, W’, re- 
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quired to maintain laminar flow remains constant). 
The propulsive efficiency of the suction compressor 
thus starts out at 100 percent at zero net thrust and 
as indicated in Fig. 8 decreases thereafter as more 
power is fed thereto and V,’ raised. In the Class II 
configurations, on the other hand, as the auxiliary 
engine is enlarged to provide increasing power for the 
suction compressor (although the primary propulsion 
system gets smaller), if it continues to operate at the 
same turbine inlet temperature its propulsive effi- 
ciency remains constant. Thus, the net propulsive 
efficiency of the Class II systems will always be less 
than that of the Class I systems, and the specific 
fuel consumption will be correspondingly higher. 

There is one last class of configurations which 
take the form of feeding the boundary layer flow 
directly into the inlet at one of the gas generators 
Relative to the Class I and II groups, this results 
in a large reduction in thermal efficiency as well as 
airflow. 

An overall comparison of the performance of the 
three classes of propulsion system configurations for 
a representative installation is shown in Table 1. 


Table |. 


Overall Comparison of Principal Classes of 
Propulsion System Configurations 
Relative 
Class SFC 
I Power Extraction 1.0 
II Auxiliary Engine 
Ill Boundary Layer Ingestion 2.0 


Definition of System 


Definition of Thrust and Drag 


As indicated in Fig. 9, in a conventional aircraft, 
thrust and drag are two easily recognizable, separate 
and distinct quantities and can be handled as such. 
In practice, the external drag of the airframe is com- 
puted by the aerodynamicist and a propulsion system 
producing an equal and opposite thrust is provided. 

In the case of the laminar flow aircraft, this simple 
and obvious distinction between thrust and drag 
disappears. As can be seen in Fig. 10, a portion of 
the boundary layer is sucked through the surface 
and disappears as drag in the sense that it produces 
a momentum deficiency in the wake of the aircraft 
If, for example, all of the boundary layer were drawn 
into the aircraft, there would be no wake drag and no 
thrust to counterbalance same. Similarly, that 
portion of the boundary layer which is, in fact, drawn 
into the fuselage, disappears as, and is no longer 
represented by, a momentum deficiency in the wake 
In other words, in the case of the laminar flow air- 
craft, a portion of the external viscous drag does not 
show up in the wake and is not canceled by an equal 
and opposite momentum increase in propulsion sys- 
tem wake. Instead, this portion of the momentum 
deficient boundary layer is pumped back up to free- 
stream velocity by internal boundary layer suction 
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ORIGIN OF PRESSURE LOSS 


COMPRESSOR 
Fig. 5. The required compressor pressure ratio is primarily deter- 


mined by the local surface pressure at the suction slot. The velocity 


head of the suction air is dissipated by viscous forces in the boundary 
layer 


pump, which, in the process, produces a thrust force 
on its mounts which exactly counterbalances the 
viscous forces associated with that portion of the 
external viscous drag represented by the boundary 
layer drawn into the boundary layer control system.* 
[his counterbalancing thrust increment likewise 
does not appear in the wake as an increase in mo- 
mentum. There is, thus, a cancellation of thrust 
and drag which takes place internally to the system 
— 

*The mount forces associated with pumping boundary 

layer air back to free-stream static pressure counterbalance, 


dragwise, pressure forces on the internal duct system; usually 
very small. The additional mount forces associated with 
pumping the air from free-stream static on up to free-stream 
velocity (or free-stream total pressure in the case of incom- 
pressible flow) counterbalance external viscous drag of the 
ir drawn in the boundary layer control system. 


CLASS I 


DIRECT POWER EXTRACTION CONFIGURATIONS 


The 


COMPRESS 


BLEED SHAFT FREE 
AND BURN AND BURN POWER TURBINE 
Ta » >» / 
Te Te 
COMPRESSOR 
DISCHARGE 


RAM PRESSURE 


Fig. 6. Power to drive the suction compressor may be extracted fror 
the primary propulsion system in various ways. These are thermo 
dynamically equivalent but may differ weightwise depending o 
the installation. 
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and does not show up in the usual manner as an 
equal and opposite momentum change in the wake. 
It is apparent that, in this case, the total power 
output of the engine is not measured by the momen- 
tum thrust produced, a sizable portion being diverted 
to operate the suction compressor. It is the inter- 
relation of these thrust and drag forces which is the 
principal source of confusion in analyzing laminar 
flow control systems. 

That portion of the viscous drag which does not 
show up in the wake profile is nonetheless drag in 
the real and traditional sense of the word. In prac- 
tice, it turns out, however, that it is easier to account 
for this drag increment by measuring or estimating 
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Fig. 7. Power to drive the suction compresscr may also be obtained 
from an auxiliary engine in any one of several means. 


the power required to pump it back to free-stream 
velocity than by trying to compute this increment 
of drag itself. To facilitate the separate computa- 
tion of this drag increment, it is convenient to 
visualize the propulsion system as being separated 
(Fig. 11). The auxiliary engine and front com- 
pressor shown, by definition, pumps the air back to 
free-stream velocity. The primary propulsion sys- 
tem and second suction compressor provides the 
omentum increase apparent in the wake of the 
propulsion system. The separation of the system 
in this manner is purely for convenience of descrip- 
tion. Using this model (which will be referred to 
as the schematic system), it can be shown that the 
equivalent force associated with pumping the air 
back to free-stream velocity is given by 


AF = (Pi/Vo)(np/ne'nt’) = (Pi/Vo)(np/nt) (1) 
where 


Pi = isentropic pumping power required to raise 


COMPARISON OF PROPULSIVE EFFICIENCIES OF 
PRIMARY PROPULSION SYSTEM IN 
CLASS I & CLASS IT CONFIGURATIONS 
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INCREASING POWER TO SUCTION COMPRESSOR 


Fig. 8. The overall propulsive efficiency of the auxiliary engine 
configurations is fundamentally less than that of the power extraction 
configurations (Fig. 9) because the propulsive efficiency of the primary 
engine is not improved. 


boundary layer control air to free-stream 
total pressure 
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transfer efficiency = free turbine efficiency 
(nt’) XX suction compressor efficiency 
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This force is that which, acting at the flight ve- 
locity, would absorb the same power as is absorbed 
by the suction compressor; but the power required 
to accelerate air back to free-stream velocity is only 
one half that required to decelerate it with viscous 
forces (plastic pickup). Therefore, the equivalent 
force as computed in this manner is only about half 
of the external viscous drag sought. 

If it is desired to obtain the total drag, one would 
therefore add two times the equivalent force as 
computed by Eq. 1 to the observable wake drag as 
measured by a traverse rig downstream of the body, 
the induced drag, and the wave drag, if any. 

The equivalent force as defined by Eq. 1 has been 
termed the equivalent suction drag and is custom- 
arily* added as such to the other drag components 


* Most available test data have been reduced in this 
manner. 


CONVENTIONAL AIRCRAFT 


Vo 
AIRFRAME SYSTEM 
D 
T=D 
T 
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Fig. 9. In a conventional aircraft drag and thrust are two essentially 
separate and easily recognizable quantities. 
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to obtain a drag which is used to define L/D. Prac- 
tically all the existing test data on laminar flow 
wings have been reduced in this manner; and it is 
a fair and proper manner to account for the power 
consumption associated with the laminar flow sys- 
tem. But, because the equivalent force, as com- 
puted from the isentropic pumping power, is only 
about half of the actual friction force associated 
with the suction air, the L/D as so determined is 
somewhat higher than the true external aerodynamic 
lift-drag ratios—as for example would be measured 
with a wind-tunnel force balance. 

To be compatible with the foregoing, already es- 
tablished, method of composing and expressing 
drag, it is necessary that one use for the total thrust, 
the momentum thrust plus an equivalent thrust AT 
equal to the equivalent force as computed from 
Eq. 1. The equivalent thrust is about half the 
thrust force which actually acts on the mounts of the 
suction compressor which pumps the air back to 
free-stream velocity.* Thus 7 + AT is somewhat 
less than the actual total thrust. 


LFC AIRCRAFT 


Vo Vo 
AIRFRAME SYSTEM 

Pp = 
PROPULSION SYSTEM 4 
D=T 


Fig. 10. In an LFC aircraft a portion of the drag does not show up 
as a momentum deficiency in the wake and is canceled by an increment 
of thrust which does not show up as momentum thrust. 


The net result of using the equivalent force to 
compute drag as used in defining L/D, and thrust, 
is that the actual drag is underestimated, as is the 
thrust by an exactly equal amount. The discrepan- 
cies cancel out, when thrust and drag are equated 
in equilibrium aircraft performance calculations, but 
the distinction between D + AD and T + AT and 
the actual drag and thrust should be recognized 
when using the individual forces (as when designing 
the suction compressor mounts, and in making non- 
equilibrium aircraft performance calculations). The 
awkwardness associated with the use of an equiva- 


* There are additional mount thrust forces resulting from 
pumping the suction air to greater than free-stream velocity 
which are correctly accounted for in the momentum thrust. 
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LFC AIRCRAFT 
SCHEMATIC SYSTEM 
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Fig. 11. It is convenient to visualize the system to be divided os 
here indicated. 


lent force results from the fact that the concept 
of an average equivalent force and power required 
are not compatible in a pickup and _ expulsion 
process. The advantage of using equivalent force 
is that it correctly accounts for the total power re- 
quirement, and, as indicated in the next section, 
leads to convenient expressions, and meaningful 
results, for specific fuel consumption. 


Definition of Specific Fuel Consumption 


We now come to the question of how to define the 
specific fuel consumption (sfc). As applied in prac- 
tice, the sfc is used to obtain the rate of fuel flow by 
multiplying by the thrust required. Specific fuel 
consumption will be suitable for such applications 
if it is defined as total fuel flow divided by the same 
thrust magnitude by which it will be multiplied to 
obtain fuel flow. In the present case, it having been 
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Fig. 12. Indicating there is an optimum LFC compressor pressure ratio 
for minimum specific fuel consumption for the free-turbine turbojet 
LFC system. 


eg 
a} 
fl 
e 
pl 
di 
be 
Ww 


decided that the drag or thrust will include the 
equivalent drag of the suction compressor, it is 
apparent that sfc should be defined as the total fuel 
flow divided by the momentum thrust plus the 
equivalent thrust of the suction compressor. As 
mentioned previously, when this quantity is multi- 
plied by the momentum drag plus the equivalent 


drag the result is total fuel flow as desired. It can 
be shown that 
Wf Wf; Vo 
T + Al 1 h X nenp 
where 
nc = cycle efficiency 
nb = propulsive efficiency 


RELATIVE SPECIFIC FUEL CONSUMPTION 
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Fig. 13. Indicating there is an optimum LFC compressor pressure 
ratio for minimum specific fuel consumption for the free-turbine turbofan 
LFC system. 


The form which will be used for computing sfc 
will depend on circumstances. In the preliminary 
design phase, the last form will be preferable whereas 
in establishing sfe of experimental installations the 
first form would be preferable. 

The sfc as here defined can be used directly in air- 
craft performance analysis. For example, it can 
be used directly in the range equation—i.e., 


Range = (L/D) X (Vo/sfc) In (Wo/W) 


in the usual sense, if D includes the aforesaid 
equivalent suction drag increment, and sfc is de- 
fined as by Eq. 2. If the drag D in the range 
equation does not include the drag losses in the 
boundary layer and ducts, then the sfc used in the 
range equation must be defined as total fuel flow 
divided by momentum thrust, and will be different 
for every installation, angle of attack, and speed. 

Fortunately, most of the experimental work on 
laminarization of wing panels, including all that of 
Dr. Pfenninger’s, includes a simplified suction drag 
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Fig. 14. The specific weight (SW rc) of the free-turbine turbojet 
LFC system relative to the specific weight of a turbojet (SW 73) in- 
creases with boundary layer compressor pressure ratio and the 
amount of boundary layer flow per unit of thrust. 


increment which is a good approximation to that 
of Eq. 2 for practical cases. Appropriate values of 
sfe can be obtained from the usual quoted gas 
generator specifics, by multiplying by the ratios 
plotted in Figs. 12 and 13. 

Thus, by including the installation losses in the 
drag term, the normal and natural province of the 
aircraft designer, propulsion system performance can 
be given which is independent of the details of 
individual installations, is a direct measure of pro- 
pulsion system performance, and can be used in a 
conventional manner. 


Criteria for Minimum Specific Fuel Consumption 


Having reduced the number of propulsion system 
configurations to a few basic types and defined the 
system, it is possible to show how its power should 
be distributed between the primary propulsion sys- 
tem and the suction compressor to minimize specific 
fuel consumption. It can be shown that for all of 


RELATIVE ENGINE PLUS FUEL WEIGHT 
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Fig. 15. Indicating that of the total propulsion system plus fuel 
weight the propulsion system is a small fraction of the total for 10,000 
miles range. The fuel weight shown is that which goes into the produc- 
tion of thrust. The fuel weight due to the “suction drag” is a constant in- 
crement which should be added to the fuel weight shown. 


August 1961 + Aerospace Engineering 


75 


We Vo/g 
S 
| 
| 
| 


76 


the Class I configurations to maximize the propulsive 
efficiency (and therefore minimize sfc) the power to 
the suction compressor should be such that 


for Class I configurations V,’ = 7,V; 


where 
V,’ = exhaust velocity from suction compressor 
n, = transfer efficiency — efficiency of power 
turbine X efficiency of suction com- 
pressor 
V, = exhaust velocity from primary propulsion 


system 


For Class II configurations in which the auxiliary 
engine delivers purely shaft power (no jet thrust 
power), the power to the suction compressor should 
be such that 


for turboshaft Class II configurations V,’ = 
1/2(V, + Vo)ne 


where the terms are as defined in the foregoing. 

For general Class II configurations—.e., where the 
power distribution between the auxiliary engine and 
the suction compressor as well as between the auxili- 
ary and the primary are optimized—the optimum 
occurs when the primary engine is eliminated com- 
pletely and the system reduced to a Class I configura- 
tion. In other words, one would use a Class II con- 
figuration only for some other reason, such as in- 
stallation considerations, and if forced to do so, the 
auxiliary engine should be made as large as possible 
and the primary engine as small as possible. 


Performance Variables 


The combination of a turbojet (or turbofan) which 
provides propulsive thrust and power for the LFC 
(laminar flow control) compressor system is thermo- 
dynamically similar to the turbofan cycle. It can 
be shown that the performance of the LFC propulsion 
system for a given cycle (turbojet or turbofan) and 
a given level of component efficiencies is expressed 
in the following forms: 


F/W. = fi(M, W,/W., Ro’, Re’, 
P,/P, R.) 


sie/V 6, = W./W., Ry’, Re’, T/O0w 
P»/P Re) 


where 
F = engine momentum thrust 
M = flight Mach number 
W, = boundary layer flow 
W. = airflow through main engine 


R,’ = ratio of total pressure of boundary 
layer air before compression (P,,) 
to free-stream total pressure 

a = ratio of total pressure at engine inlet 
to free-stream total pressure 
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= turbine inlet temperature 

Ar, = ratio of free-stream total temperatur: 
to standard ambient temperature a 
sea level 

Py = total pressure at exit of LFC com 
pressor 

R, = Reynolds number 

P. = free-stream total pressure 


It is not within the scope of this paper to present 
the performance of LFC propulsion systems over a 
range of these variables. The objective is to con 
centrate interest on the more important variables 
Cherefore, the following assumptions are made to 
simplify the parametric performance presentations 
of LFC propulsion systems: 


Mach number = 0.8 (representative of the cruise 
Mach number for long-range subsonic aircraft) 


R,” = 100 percent (consistent with current air 
craft gas turbine performance presentation) 
R,’ = 100 percent (estimates of performance are 


made for the schematic system, which defines 
R,,’ as 100 percent) 

and its influence on component efficiencies 
corresponds to 36,000 ft altitude for engine sizes 
of current subsonic long-range aircraft 


Because the boundary layer flow and the required 
engine thrust will be specified in a typical LFC air- 
craft design study, it is more convenient to express 
the propulsion system performance in the following 


form 
WV, 


*P, 


Note that this is a performance description for the 
schematic system (Fig. 11). 


= free-stream velocity 
W,’ = airflow through schematic engine system 


Also note that the “bypass ratio” W,,/W,’ is a fune- 
tion of 7°/@7,and LFC compressor pressure ratio for a 
given W, and thrust level. The LFC compressor 
pressure ratio is usually selected at a value slightly 
below that for minimum sfc to save weight. This 
means then that the “bypass ratio” is not a com- 
pletely independent variable. This situation is 
analogous to a turbofan cycle where the bypass 
flow and the engine thrust are specified. At a fixed 
value of turbine inlet temperature and a fan pressure 
ratio close to minimum sfc, the bypass ratio is 
determined. 

The corrected temperature (7°/@7,) is analogous to 
the power setting of the powerplant. This is not a 
completely independent variable either. Its value 
depends upon the ratio of cruise to take-off thrust for 
the aircraft. 
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Che sfe in the previously mentioned function is 
defined for the schematic system as the fuel flow which 
goes into the production of thrust. When this sfc 
is multiplied by the sum of actual drag (the push re- 
quired to keep the aircraft moving) and the ‘‘suction 
drag,” the correct total fuel flow is obtained. 


Representative Performance 


Performance Curves 


The performance of the LFC propulsion systems 
presented in this section is based upon a high com- 
pression ratio main propulsion engine (turbojet 
or turbofan). These data are given for two values 
of corrected turbine inlet temperature, 80 and 100 
percent. The engine compression ratio at 100 per- 
cent corrected temperature (7°67,) corresponds to 
the nominal design compression ratio at maximum 
take-off temperature at sea level static conditions. 
The engine compression ratio at 80 percent cor- 
rected temperature corresponds to the compression 
ratio of an actual engine if throttled back to 80 per- 
cent corrected temperature. The range of corrected 
temperature for which the performance data are given 
represents approximately a 400°F variation in 
This is adequate to 
cover the practical range of cruise thrust for LFC 
propulsion systems. 

Fig. 12 shows the performance of a laminar flow 
control propulsion system which has a turbojet gas 
generator. The power to drive the boundary layer 
compressor is supplied by a free turbine, mounted in 
the turbojet exhaust system. The specific fuel 
consumption is divided by the specific fuel consump- 
tion of a reference turbojet to illustrate the perform- 
ance improvement of the lfc system relative to a 
conventional turbojet cycle. The performance of 
the reference turbojet is given in Table 2. 

The specific fuel consumption ratio is given as a 
function of the ratio of boundary layer compressor 
exit total pressure to free-stream total pressure for 
values of @ equal to 0.2 and 0.4. The parameter 
¢@ may be considered as the ratio of boundary layer 
“ram drag’’ to propulsion system momentum thrust. 
When the total pressure of the boundary layer flow 
inside the wing is close to free-stream static pressure 
the term W,/V)/g is about twice the value of ‘‘suc- 
tion drag’ as used in Pfenninger’s experiments. 
To a first approximation the parameter @ is twice 
the ratio of “suction drag”’ to total drag (D + AD). 


turbine inlet temperature. 


Table 2. Representative Performance and Weights ofa 


Consumption X bam 
Percent corrected tur- 
_ bine temperature 80 100 80 100 
lurbojet 0.90 0.95 0.35 0.21 
lurbofan 0.78 0.38 0.21 


0.80 


TAKE-OFF THRUST COMPARISON 
LFC PROPULSION SYSTEM 


1.4 
URBINE 
13 an 
with 
CRUISE = (00% 
1.0 | 
Vo/ 0.2 0.3 0.4 
AT CRUISE 
Fig. 16. Indicating the superiority of the sea level take-off thrust of the 


free-turbine turbofan LFC systems. 


The sfc improves at a constant value of @ with 
increasing boundary layer compressor pressure ratio 
until the condition is reached where the velocity of 
the boundary layer flow is approximately equal to 
the product of the free-turbine turbojet exhaust 
velocity and the transfer efficiency (free turbine 
efficiency multiplied by the boundary layer com- 
pressor efficiency). Note that the magnitude of the 
decrease in sfc is greater at the higher value of cor- 
rected turbine inlet temperature. This is consistent 
with sfc decrease of a turbofan relative to a turbojet. 

Fig. 13 gives the performance of an LFC propulsion 
system with a high-bypass-ratio turbofan as the 
main propulsion engine. The power to drive the 
boundary layer compressor is provided by a free 
turbine, mounted downstream of the low-pressure 
turbine of the turbofan. In this case, the sfc of the 
LFC turbofan system is divided by the specific fuel 
consumption of a reference turbofan. This is done 
to show the improvement in performance of the lfc 
propulsion system relative to that of a conventional 
turbofan. The performance of the reference turbo- 
fan is also shown in Table 2. 

The performance shown in Fig. 13 has a trend 
similar to that of the free-turbine turbojet LFC pro- 
pulsion system of Fig. 12. The magnitudes of the 
performance gains are less for the free-turbine 
turbofan. Note that the specific fuel consumption 
ratios in Fig. 12 are relative to a base reference 
turbojet while those in Fig. 13 are relative to a 
reference turbofan. The absolute levels of fuel 
consumption for the turbofan LFC propulsion system 
are lower than those of the corresponding turbojet 
system. 

The optimum value of boundary layer compressor 
pressure ratio occurs at a lower value for the free-tur- 
bine turbofan system compared to the free-turbine 
turbojet system. As in the case of the turbojet LFC 
system, the minimum sfc occurs at the condition of 
boundary layer flow velocity equal to the product of 
turbofan free turbine exhaust velocity and the trans- 
fer efficiency. 

The performance shown in Fig. 13 is representative 
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Family of Turbojets and Turbofans 
Mach 0.8 45,000 Ft Altitude 
Specific Fuel Specific Weight 


78 


of what might be accomplished by the addition of a 
free-turbine to an already existing turbofan. The 
fan pressure ratio of this turbofan was held constant 
at a given value of corrected turbine inlet tempera- 
ture. It is possible to improve this performance 
slightly by adjusting the fan pressure ratio at each 
value of boundary layer compressor pressure ratio. 

For reasons other than performance, it might be 
desirable to install separate engines to drive the 
boundary layer compressors. In this case, part of the 
total thrust is provided by the LFC system and the 
remainder by either a turbojet or a turbofan engine. 
For a small auxiliary engine to drive the boundary 
layer compressor, the total system performance is 
close to that of a pure turbojet cycle. However, 
when the portion of the total thrust provided by the 
auxiliary engine is relatively large, the performance 
approaches that of the LFC systems shown in Figs. 
12 and 13. 

The performance of LFC propulsion systems (Figs. 
12 and 13) is given for free-turbine turbojet and 
turbofan direct power extraction cycles (Class I). 
Class I, of course, includes the bleed-and-burn 
cycle. The performance of this cycle approaches 
that of the free-turbine power extraction cycles. 
It never equals the free-turbine power extraction 
cycle because of the additional pressure losses of the 
bleed air, lower combustion efficiency of the bleed 
burner (physical size of bleed burner being much 
smaller than main engine burner), and lower power 
turbine efficiency. Despite this performance de- 
ficiency, the bleed-and-burn cycle has installation 
advantages over the free-turbine power extraction in 
application where the boundary layer compressor is 
located at same distance from the main engine. 


System Weight 


The difficulties in defining propulsion system 
weight are analogous to those in the definition of 
sfe for laminar flow aircraft. The propulsion sys- 
tem is so closely integrated with the airframe that 
it is difficult to differentiate between airframe and 
propulsion system. In this paper, the propulsion 
system weight includes the gas generator, the free 
turbine and the complete LFC compressor. These 
are essential elements of the propulsion system. 
They are not the complete system, however. There 
are other items which must be added to these. 

For example, there is some ducting into and out of 
the boundary layer compressor. The length of 
this ducting depends upon the particular application. 
Similarly, the length of shaft between the free tur- 
bine and the boundary layer compressor as well as 
the exhaust ducting of the free turbine depends upon 
the installation. 


Specific Weight Curves 


The specific weight (sw) is defined as LFC propul- 
sion system weight (including only those items men- 
tioned previously) divided by the momentum thrust 
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of the propulsion system. Therefore, one obtains 
the weight of the LFC propulsion system by multi 
plying sw by the momentum thrust F or the drag 
D (not D + ADor F + AF). Fig. 14 shows a typi 
cal sw variation of a free-turbine turbojet LFC pro 
pulsion system as a function of the same variables 
in Fig. 12. The specific weight of a turbofan system 
has a similar trend with slightly different levels 
More complete details of the turbofan system are 
given in IAS Paper Number 61-52. 


Representative Results 

The performance and weight of a family of LFC 
propulsion systems with free-turbine turbojet and 
turbofans are given in the previous sections. Now, 
let us look at an example in the use of these data in a 
particular LFC application at Mach 0.8, 45,000 ft 
altitude and 10,000 nautical miles range. Let the 
value of the parameter (W,V./g)/F be 0.4. This is 
approximately representative of a case where the 
The results 
of an engine plus fuel weight study at this flight 
condition are shown in Fig. 15. 

The fuel weight, by the way, shown here is the 
fuel weight which goes into the production of thrust. 
To this fuel weight the increment corresponding to 
the suction drag would have to be added (AD X 
sie X t). This would be a constant increment, 
which would be added to each of the fuel weights 
shown in Fig. 15. Note that in this figure the 
powerplant weight is a relatively small fraction of 
the total engine plus fuel weight. The total engine 
plus fuel weight of the turbofan system is in the 
order of 7 to 8 percent lower than that of the free- 
turbine turbojet system. The effect of altitude is 
to increase the percentage of the powerplant weight 
relative to the total engine plus fuel weight. 

This comparison is made at Mach 0.8. _ If, how- 
ever, it were to be. made at a lower Mach number, 
then the turboprop propulsion system would have 
to be considered. This paper has not treated the 
turboprop cycle combined with LFC because of the 
desire to limit the number of variables. In this par- 
ticular case, the Mach number of 0.8 was selected. 
This is slightly above the flight speed for good pro- 
peller efficiencies. 


wings and tail surfaces are laminarized. 


There is more to consider in the comparison of 
the free-turbine turbojet and turbofan LFC propul- 
sion system than the relative cruise performance. 
The take-off thrust capabilities of the propulsion 
systems are also important. Fig. 16 compares the 
relative take-off thrust capabilities of the two types 
of systems. For a given value of the parameter 
(W,Vo/g)/F (specified by the degree of laminariza- 
tion) the turbofan system has a greater take-off 
thrust capability than the turbojet system. 

There is only a limited amount of powerplant 
comparisons which can be done to evaluate the 
various propulsion systems by means of engine 
plus fuel weight studies such as illustrated. This 
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type of analysis is good for a preliminary evaluation 
to select the more promising propulsion systems for 
preliminary aircraft design studies. However, to 
see what the aircraft mission performance potential 
is for laminar flow control propulsion systems, a study 
In this 
particular figure the powerplant comparison is be- 


like that illustrated in Fig. 4 is necessary. 


tween a turbofan powered turbulent flow aircraft 
with a turbofan LFC aircraft. One of the objectives 
of this paper is to present aircraft preliminary design 
people with enough preliminary LFC propulsion sys- 
tem performance and weight data to enable them to 
make such studies as shown in Fig. 4. 
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Flow Fields (Continued from page 21) 


with the coefficient a defined in terms of the detach- 
ment distance A 


a = (1/2) + A)“ A = (2/8) r[(p2/pi) — 
(2) 


where (p;/p2) is the density ratio across the normal 
shock, and with the coefficient 6 determined by mass 
flow considerations at a station slightly downstream 
of the sonic point on the body. For the latter con- 
siderations, we have assumed conditions on the body 
consistent with a modified Newtonian pressure dis- 
tribution, and a linear variation of velocity and 
density between body and shock. Calculations pro- 
ceeding downstream from these shocks yielded nose 
No iterajgon was 
deemed necessary in this connection; however, re- 


shape very close to spherical. 


finements could have been performed conveniently 
by available methods." Upon determination of 
flow properties along a line in the region of slightly 
supersonic velocity, analysis was continued in the 
supersonic domain by the method of characteristics. 

Some additional comments are in order for the 
cases where equilibrium excitation and dissociation 
of the air have been included. At a general point in 
the flow field, we have established whether dissocia- 
tion was present by testing the local values of pres- 
sure p and entropy S against the equation (p, = 
1 atm.) 


pr = pa exp [— 1.2514 (S/R) + 41.534] (3) 


which represents a numerical fit to the curve Z = 
1.01 (1 per cent dissociation) in the Mollier diagram 
for air in thermodynamic equilibrium.'' If p < 
p, we considered only vibrational excitation of the 
gas and we described its thermodynamic behavior by 
well-known equations'?; if p > we considered 
also dissociation and we described the equilibrium 


Table 1. List of Cases Computed 


thermodynamic behavior by means of numerical 
fits developed by the Army Ballistic Missiles 
Agency (ABMA), name y, 


4 5 
A y(P’)* (h’)? (4a) 


R s=0 7=0 


4 5 
> 2 ey (4b) 
m=0 n=0 
where 
Pp 
P’ = log, Pa 2116.4 lb/ft? (5a) 
Pa 
h’ 2.219 K 1077 h_ [h] = [ft?/sec?] (5b) 
p log to Pa = 2.498 X slug/ft® (5c) 


Pa 


Values of the coefficients, -1,;, B,,, have been provided 
by NOL in private communications.” In deriving the 
jump conditions at the shock front, we found it con- 
venient to express enthalpy on the downstream side 
in terms of pressure and density by means of the 
formal relation appropriate to a perfect gas with con- 
stant specific heats, namely, 


h = [r/(T — 1)] (p/p) (6) 


he quantity [ has no immediate physical signifi- 
cance; however, for air-in-equilibrium dissociation, 
it is approximately equal to the adiabatic exponent. 
With the position (6) the jump conditions across the 
shock described by the equation x = F(y) are readily 
obtained in the form (Fig. 3) 


(1+ F,2)+ 
= 
po + 1 


l 2 1/2 
+ | 2801 + rat (7a) 


uo = 1 (1 (1 + F,,?) (7b) 


Free Stream Free Stream Average [ Nose Drag 


Nose Free Stream 
Case Radius Conditions,* Velocity Mach in Subsonic Coefficient, T 
No r yas 2(ft) Wa (ft/sec Number M, Region Cp 
1 1 1.4 0.855 
2 1 y=1.4 17 0.875 
3 1 1.4 22 0.889 
4 1 a.t.e. ** 50,000 16 , 465 17 1.230 0.90 
5 1 a.t.e 100 ,000 22 ,099 22 1.165 0.911 
6 1 a.te. 200 , 000 22 , 961 22 1.140 0.917 
7 1/2 y=1.4 22 0.370 
8 1/2 a.t.e 200 , 000 22,961 22 1.140 0.370 
9 1/4 y = 1.4 - 17 0.275 
10 1/4 Y 1.4 - 22 0.275 
11 1/4 a.t.e. 50,000 16 , 465 17 1.230 0.275 
12 1/4 a.t.e 200,000 22 , 9€ 22 1.140 0.275 
13 blunt y=1.4 - 6 1.195 
* Conditions defined by ARDC standard atmosphere? at indicated altitude 
T Cp refers to cross-sectional area of afterbody 
** Denotes air in thermodynamic equilibrium excitation and dissociation 
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Fig. 5. Summary of pressure distributions on spherical noses for all 
flight conditions considered, and comparison with modified Newtonian 
plus Prandtl-Meyer approximation. (All numerical data fall within 
shaded area.) 


ro 


Fig. 6. Pressure distributions on conical sections of noses for various 
flight conditions 


) (1+ F,3-' (7d) 

where subscripts 1 and 2 denote conditions in front 
of and behind the shock, respectively, the subscript 
y denotes differentiation, M the Mach number, and 


a= [((T2 + 1) (8a) 
1 
1 — 1 
Naturally, for the problems considered here T,; = 
yi ratio of specific heats. 

In general, the quantity [ varies by a small 
amount (less than 1 percent) in the subsonic re- 
gion. In our calculations we have assumed it con- 
stant; within this approximation the previously 
mentioned analysis and procedure’ for an ideal gas 
are directly applicable except for the new initial condi- 
tions given by Eqs. (7a-d) and the new definitions? 


f(ry’) = f(y’) = 


6 = (Ty — 1)/(T2 + 1) 


In all cases analysis of the supersonic region con- 


sisted in numerical integration of the equations of 
characteristics 


dy/dx = tan (8 + yp) (9a) 
and of the pertaining compatibility conditions 


dp , sin uw sin & dx 
sin cosh + dé + —— —=( (9b) 
cos (8 + yw) y 
where # is the flow deflection from free-stream direc- 
tion, » the Mach angle, and y the isentropic ex- 
ponent, y = (0 log p/O log p)s. The details of the 
numerical technique were along standard lines.'® 
Computation time, using an IBM 704 computer, 
was approximately 5 min. each for subsonic-tran- 
sonic regions, and between 15 min. and 1'/, hr 
each for the supersonic regions. The longer times 
were required for calculations including real gas ef- 
fects and involving the least blunted noses; in this 
connection a very refined net was necessary to main- 
tain sufficient accuracy within the thin streamtube 
adjacent to the body where high entropy air flows. 
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Fig. 7. Correlation of pressure distributions on conical sections of 
noses. 


Schematic diagrams of a typical characteristic net- 
work and flow field are shown in Fig. 4. 

In anticipation of the study of numerical results 
several comments are in order as to the range of 
validity of available theories for predicting proper- 
ties of flows over blunt-nosed slender bodies. On 
the one hand, little can be said a priori and on 
strictly theoretical grounds about the effect of nose 
shape. On the other hand, some indications are 
available as to the influence of thermodynamic be- 
havior of the gas. Problems including excitation and 
dissociation of the gas do not admit of strictly similar 
blast wave solutions. The difficulty is manifested in 
the energy equation and in the boundary conditions. 
However, Cheng has shown that, for flows 
satisfying local thermal equilibrium and having the 
same free-stream atmosphere, a similitude law can 
be established in regions downstream from the nose 
where the hypersonic small perturbation assump- 


tions can be satisfied locally. Errors for density and 


temperature, predicted by the small perturbation 
theory( that underlies the similitude), increase with- 
out limit in the neighborhood of the body surface, 
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giving vanishing density and infinite temperature The 
| there. However, at stations sufficiently far dowi.- body 
ae stream of the nose, the lateral extent of the singular fied 
| | layer adjacent to the body becomes small in coni- 
\ | I . parison with the lateral extent of the hypersonic field; ge 
\e the pressure variation across the layer is then and 
- — a | negligible, and the surface pressure predicted by cal t 
| the small perturbation theory sufficiently accurate. 
\ | The parameters governing similitude in the afore- on f 
mentioned regions and in the presence of a cylin- over 
| drical afterbody are the free-stream conditions and beh: 
| the quantity d/x (where Cp is the nose pres 
‘ ’ drag coefficient, d the base diameter); the latter shoc 
Fig. 8a. Compilation of pressure distributions on cylindrical after- parameter is exactly the same encountered in the equi 
bodies. Nose with r = 1, blast-wave analogy. The question naturally arises ~e 
as to the range of validity of the approximation and this 
of the pertaining correlation by similitude. The 
example reported by Feldman’ (alt. = 60,000 it, =" 
30, 17,500 ft/sec) indicates reasonable agreement 
between numerical results and blast-wave predic- dist 
25} tions based on y = 1.4 (as appropriate to the region by 
of small perturbations) over the entire afterbody. sity 
20) The foregoing considerations justify this finding be- of \ 
(P/Peo) yond the level of sheer empiricism. Additional com- this 
oo | parisons are clearly required for a firmer assessment con 
of the situation; several examples, listed in Table 1, ma 
7 | | | if are discussed in the following section. con 
r\ | Oo | Discussion of Numerical Results anc 
| | Che information obtained covers many aspects of one 
= —_——— | flow fields about blunt-nosed slender bodies. Here, sta 
0; 5 0 20 30 40 50 we shall limit our attention to data for pressure dis- list 
(S-Ny) tributions on, and shock shapes about, the bodies of 
Fig. 8b. Compilation of pressure distributions on cylindrical after- interest;in this connection we wish to establish cy] 
correlations and corresponding simple rules for rapid bu 
preliminary estimates. act 
We begin with pressure distributions; nose regions col 
and afterbodies are considered in sequence. For cas 
| | cases | through 12, the nose if spherical well into me 
the supersonic region. It is well known that pres- for 
sure distributions should then be approximated by Ov 
modified Newtonian plus Prandtl-Meyer* laws. M 
The numerical results follow the approximate trend th 
closely and all fall within the shaded area shown in te’ 
Fig. 5; within this small range lower values of p/p, th 
were observed as flight Mach number and dissocia- th 
tion of the gas increased. he 
In Fig. 6, results are presented for the conical th 
portion of the noses considered (20° half angle). id 
The well-known overexpansion extending several th 
nose radii downstream of the shoulder is observed th 
pe 
* Transition between the two laws is performed at the ct 
station 6 = s/r where they yield the same pressure gradient 
for large Mach numbers (M,,—  ) this station is defined by 
h 
tan d = [(cos — 1] X e 
y-1 
9 =i 
Fig. 8c. Compilation of pressure distributions on cylindrical after- = [(cos — 4) it P 
bodies. Nose withr = 1/4, ~e t 
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The pressure level at the junction with the after- 
body can be substantially affected thereby; a cor- 
relation then becomes of interest. It is readily 
noticed that the magnitude of the overexpansion 
and the asymptotic pressure level (practically identi- 
cal to that for ideal, y = 1.4, gas flow over a pointed 
cone having the same included angle) depend only 
on free-stream conditions, while the extent of the 
overexpansion depends also on the thermodynamic 
behavior of the gas. Since the ratios of free-stream 
pressure to local pressures at the body and at the 
shock are approximately the same for ideal and 
equilibrium flows, the behavior in each case is deter- 
mined by the distance between shock and body; 
this, in turn, is proportional to the ratio of densities 
in the disturbed and undisturbed streams. Thus, 
all distributions should be correlated when the axial 
distance from the sphere-cone junction is stretched 
by a factor proportional to the average of the den- 
sity ratios at the body and at the shock; this point 
of view is substantiated by the plots in Fig. 7. On 
this basis, we submit that pressure distributions on 
conical sections of blunt noses may easily be esti- 
mated for different Mach numbers and free-stream 
conditions once values, either computed or experi- 
mental, are available for the given configuration 
and one flight condition. With this information, 
one can determine the state of the gas at the shoulder 
station and, upon Prandtl-Meyer expansion, estab- 
lish initial values of pressure on the afterbody. 

We now proceed to the analysis of data on the 
cylindrical afterbodies. Computed pressure distri- 
butions for cases 1 to 12 are shown in Fig. 8. The 
accuracy of our calculations is substantiated by a 
comparison between theory and experiment’ for 
case 1; as shown in Fig. 9, these are in good agree- 
ment. Analysis of the data in Fig. 8 shows that, 
for each nose configuration, pressure distributions 
over the entire afterbody pertaining to different 
Mach numbers and gas behaviors (either ideal or in 
thermodynamic equilibrium) can be correlated in 
terms of the parameter M.?Cp'/* (d/x), provided 
the pressures at the shoulder are made coincident 
thereby. Such is not the case for the configuration 
having 6 = 1/2; different pressure distributions on 
the conical section of the nose in the presence of 
ideal and dissociating gas flows affect substantially 
the conditions at the shoulder and in a neighborhood 
thereof. This situation indicates the importance of 
performing careful estimates on the nose section by 
means of appropriate correlations as previously dis- 
cussed. 

Since the influence of Mach number and gas be- 
havior can be accounted for, we proceed to consider 
effects of nose shape. We have already pointed out 
that the similitude parameter M..2Cp'/? (d/x) ap- 
plies for both small perturbations and blast-wave 
theories; the question naturally arises as to whether 
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Fig. 9. Comparison between numerical and experimental re- 
sults (Case No. 1). Top: Pressure distribution on the afterbody. 
Bottom: Shock shape. 
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Fig. 10. Correlation of pressure distribution on cylindrical bodies 
capped by spherical noses. Displacement of origin of coordinates. 
£ = 2 for all cases. 


all the data can be reduced on this basis. Our in- 
vestigation shows that only results for spherical 
noses can be so correlated with fair accuracy (all 
distributions fall within the shaded strip in Fig. 10) ; 
for this category of bodies, the origin of co-ordinates 
should be located 2 nose radii upstream of the nose 
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Fig. 11. Pressure distributions on cylindrical afterbodies capped 


by different noses. Top: Example of unmodified correlation. Bottom: 


Example of modified correlation. 
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Fig. 12. Correlation of shock shapes about bodies with a spherical 
nose. 


apex.* The accuracy deteriorates when composite 


* The blast-wave predictions are based on y = 1.4 since 
we have indicated that equilibrium excitation and dissociation 
of the gas have negligible influence on pressure distributions. 
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nose configurations are considered (Fig. lla); how- 
ever, the situation can be resolved by interpretive 
application of the similitude rule. The effect in 
question is essentially the result of momentum 
losses in the flow. The width of the streamtube 
over which the losses are distributed decreases as 
the gas flows over the conical section; one can readily 
conjecture that the length over which the pressure 
decays on the afterbody should be reduced in the 
same ratio. Accordingly, we have modified the 
correlation between pressure distributions on bodies 
with spherical and conical noses by scaling the longi- 
tudinal coordinates in proportion to the quantity 
M.*Cp'? CD/AB, here where AB and CD represent 
the widths of a representative streamtube at the be- 
ginning and at the end of the conical section (Fig. 4); 
the very nature of the analogy, namely, a reduction 
to equivalent spherical noses, suggests that the 
characteristic streamline BD intersects the shock 
at the station where the conical section begins. 
These considerations are corroborated by the plots 
of Fig. 1l1b where typical pressure distributions for 
bodies with conical noses are compared with approxi- 
mate predictions based on the suggested modifica- 
tion of blast-wave theory; the latter consists in 
matching the pressure at the cone-cylinder junction 
and in scaling the space co-ordinate in proportion to 
the aforementioned quantity M.2Cp'/? CD/AB. 
Agreement between computed and estimated distri- 
butions is substantially improved with respect to 
that previously observed. 


As a conclusion of this phase of the analysis, we 
submit that, for ideal and equilibrium gas flows, 
pressure distributions on cylindrical bodies having 
either spherical or blunted conical noses can be pre- 
dicted by blast-wave theory including appropriate 
interpretive modifications of the governing param- 
eters. Coupling of this rule with the approximate 
finding’® that blast effects can be superposed on 
local pressure perturbations for noncylindrical after- 
bodies permits preliminary analysis of a rather large 
family of configurations. 


Current interest in complete flow fields, as dictated 
by detection and communications problems, re- 
quires that shock shapes and distributions of flow 
properties between body and shock be also known. 
Analysis of the numerical results shows that avail- 
able theories have many shortcomings in this con- 
nection. In fact, we can verify only the independence 
of shock shape from Mach number for each con- 
figuration and ideal gas flow, and we can describe 
by parabolas only shocks about bodies with spheri- 
cal noses. Moreover, the latter correlation (Fig. 12) 
requires that the x co-ordinate be measured from 
the apex of the nose, that the y co-ordinate be dis 
placed outward from the axis by Yo = 2/5 of the 
afterbody radius, and that coefficients in the blast 
prediction be evaluated for gas conditions appro 
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Fig. 13. 


priate to the shock point where the streamline* is 
deflected approximately 20°. The requirements on 
the origin of co-ordinates and on the representative 
value of y are clearly in contrast with their counter- 
parts for pressure distributions; hence, applications 
of the blast wave analogy are subordinated to a large 
degree of empiricism. Among the negative aspects 
of the situation we find that, in contrast with pre- 
dictions of blast wave theory, shock shapes for 
conical noses are not described by parabolas and the 
ratio between pressures on the body and behind the 
shock at different stations x is not a constant (Fig. 
13). 

The lack of simple correlation between results at 
body and shock, and the strong influence of equili- 
brium excitation and dissociation of the gas render 
estimates of shock shapes rather difficult. At this 
stage, one becomes naturally interested in in- 
vestigating whether predictions may be based on 
simple mass flow considerations coupled with pres- 
sure distributions on the body (the latter being ob- 
tained by means of the aforementioned simple 
rules) and with given initial conditions at the 
shoulder. We have studied distributions of flow 
properties at several stations for the various cases 
on hand; typical results are shown in Fig. 14. 
These plots bear out the indication of small per- 
turbations and blast theories as to the existence of a 
sublayer adjacent to the body where the pressure 
varies only by a small amount; in all instances con- 
sidered, this inner region may be bound by a stream- 
line that is deflected approximately 20° at the 
shock. A two-layer scheme is then suggested, the 


* The streamline so determined has particular significance 
in the study of flow properties distributions between body 
and shock which is discussed further along in this paper. 


Typical comparative decay of computed pressures at body and shock (Case No. 6). 
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Fig. 14. 


Typical distributions of flow properties between body and 
shock at several axial stations (Case No. 6). 


inner layer being characterized by constant pressure 
and the outer by simple laws for the radial distri- 
bution of density. Unfortunately, mass-flow con- 
siderations based on this model are not sufficiently 
accurate to permit determination of shock shapes; 
the large changes in density between body and shock 
render results very sensitive to the assumed distri- 
butions. Naturally, we have investigated distribu- 
tions as predicted by blast theory, and found them 
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Fig. 15. Correlation of shock shapes about bodies with coni- 
cal noses. Top: Nose with r = 1/2. Bottom: Nose with r = 
1/4. 


quite inaccurate; this discrepancy, and the afore- 
mentioned lack of correlation between pressures at 
body and shock, discount agreements between ap- 
proximate blast analogy and experiment as coinci- 
dental. 


We have already mentioned that the asymptotic 
behavior of shocks about bodies with conical noses 
depends on the particular configuration considered 
and cannot be described by a parabola (Fig. 15). 
However, shocks about afterbodies with a given 
nose can be correlated for different flight conditions 
by equations like 


1/4 
@) Cp'!4 (x — xo)” (10) 


The quantities x9, yo, and m depend only on the 
shape of the nose, while the coefficient (y/Jo)'/*, 
which expresses the effect of gas behavior, must be 
selected consistent with conditions at the shock 
point where the streamline is deflected about 20°. 
For the cases considered here we have found (x 
measured for nose apex) 


r 1 1/2 1/4 
x 0 1.45 2.90 
Yo 0.40 Q.80 1.20 
m 0.50 0.56 0.62 
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and from Sakurai’s results’ 


1 1.4 1.3 1.2 
(y/Jo)!4 1.125 1.045 0.939 
The streamline in question has previously been 
pointed out as boundary of the inner region in thie 
two layers model; its significance in the correlation 
of all shock shapes is then consistent with the 
similitude law suggested by small perturbations 
theory and, therefore, can be justified qualitatively. 
Eq. (10) permits extrapolation of shock shapes 
for general flow conditions about bodies in the con- 
sidered family, once this information is available for 
one flight condition, even pertaining to ideal gas flow. 
If results for shock shapes and pressure distributions 
on afterbodies are considered in the context of the 
aforementioned similitude law and of the corre- 
sponding two layers model, one is led readily to the 
conjecture that dimensionless distributions of flow 
properties in the outer layer* of the flow about a 
given body should be similar for all hypersonic 
flight conditions wherein the gas maintains either 
ideal or equilibrium behavior. This point of view 
is borne out by an examination of the present results 
(Fig. 16); for each nose shape, dimensionless dis- 
tributions} of pressure and density at several stations 
across the outer layer are seen to be essentially in- 
dependent of Mach number and thermodynamic be- 
havior of the gas. These distributions cannot be de- 
* Distributions across the inner layer are readily deter- 
mined by the condition of constant pressure at each station, 
equal to that on the body, and by mass flow considerations 
+ Subscripts sh and st denote properties at the shock and at 
the dividing streamline, respectively. 


Fig. 16. Correlation of pressure and density distributions in t! 
outer layer of the flow about given configurations. Top: Nose with 
r = 1, station x = 4.16. Bottom: Nose withr = 1/2, station x 
5.32. 
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Fig. 17. Comparison between experiment, numerical results, and approximate predictions for the pressure distribution on a body with a very 
blunt nose (Case No. 13). 


scribed by simple laws; thus, knowledge of the 
complete flow field for one flight condition is again 
required as basis for the extrapolation. 

We have also tried to assess the validity of ap- 
proximate theories in connection with bodies having 
blunt noses. Previous investigations® have 
indicated that agreement between experiments and 
predictions, particularly at stations near the shoulder, 
deteriorates as the nose is made blunter; in par- 
ticular, an overexpansion followed by recompression 
is observed in the neighborhood of the shoulder. 
Calculations verify this occurrence also for the 
example considered here (case 13, Fig. 2); numeri- 
cal results compare favorably with experiments! 
but are poorly predicted by approximate theories 
(Fig. 17). Until more descriptive information is 
available great caution seems in order for estimates 
of flow patterns about this category of bodies 


very 


Concluding Remarks 


A study of complete inviscid flow fields about 
model axisymmetric configurations has been carried 
out with special emphasis on the interpretation and, 
when possible, correlation of flow properties in after- 
body regions. Analysis has shown that blast wave 
analogy is generally unreliable for predicting shock 
shapes and distributions of flow properties between 
body and shock. However, parameters suggested 
thereby can be used in extrapolating information ob- 
tained for one flight condition to general conditions 
wherein the gas follows either ideal or thermal 
equilibrium behavior. A streamline deflected about 
20° at the shock proves particularly significant for 
these correlations; the significance is qualitatively 
justified by the similitude law of small perturba- 
tions theory since the streamline in question bounds 
the inner region of the two layers model suggested 
by that theory. Additional investigations seem in 
order for configurations having noses with bluntness 


ratio b > 1; in these cases, details of pressure dis- 
tributions in the neighborhood of the nose-afterbody 
junction cannot be predicted by simple asymptotic 
theories. 
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Cross Method Stress Analysis 


(Continued from page 25) 
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The relative displacement U between two neigh- 
boring layers can be determined by wu in Eq. (1). 
For U, say, between the mth and the (m + 1)th 
layer, 


Uin,n +1) = — (1a) 


Single Layer Cylinder Subjected to Uniform Surface 
Pressure 


The next phase of the problem is to apply an equal 
and opposite pair of uniform stresses on the inter- 
surface of two adjacent layers so that the relative 
displacements caused by the thermal expansion are 
eliminated. 

In order to apply the Cross Method, the problems 
of a single mth layer hollow cylinder subjected to an 
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exterior and interior uniform tension will each be 
treated separately. For the case of plane strain, 
the well-known Lame solution‘ for exterior uniform 
tension Gno (Fig. 1) is 


“ey [= 


Ono 
dno 
= 2(1 — »,*?) —- 
E, Ani \? 
Qn» 
(2) 
no 
Uno (1 vn) (1 2¥n) E 
“n 


1 — Zp, 


ano 
while the solution for the internal tension gq, (Fig. 
becomes 


no 


1— 
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Cross Method 


We now rewrite the last two equations of Eqs. (2) 
in the following form 


no 


(4) 
Uni = Croi* Uno 
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Hence, k,. is the amount of u-displacement at 
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Fig. 5. 


Ay) caused by one unit of gn, and is therefore defined 
as the ‘“‘softness’’ factor. C,.; is seen as the u-dis- 
placement at the inner radius a,; caused by the unit 
displacement at the outer radius a,,. (Fig. 1) and, 
therefore, is defined as the “carry-over” factor. The 
subscripts oi for C denote the carry-over from the 
outer face to the inner face. The results of Eqs. (45) 
can be obtained graphically from Fig. 11. 

Similarly, we write the last two equations of Eqs. 
3) in the form of 


Uni = —Rni Qn | 
(6) 
u no = c nwo u ni \ 
where 
Qni 
l (1 ( ) 
Vn 
Rni Qni 


1 (‘ | 
Qno > (7) 


The results of Eqs. (7) can be obtained graphically 
from Fig. 12. 

Having the softness factor and carry-over factors 
for each layer from Eqs. (5) and (7), we are able to 
start eliminating the discontinuity between any mth 
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Fig. 6. 


and (m + 1)th layer. We assume that there is an 
opening between them (Fig. 3) equal to U(n, m + 1). 
Now we apply a tension stress g at the intersurface 
which produces a relative movement of — U(n,n + 1) 
to restore the continuity. This quantity is seen 
equal to 

Unti)i — Uno = —U(n, n + 1) (8) 


Jint+1)i = q (9) 


Substituting from Eqs. (4) and (6), we rewrite Eq. 


(9) 
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Substituting Eq. (10) into Eq. (8), we obtain 


Uno \ 1 + b = +U (n,n + 1) 


Therefore, if the discontinuity is due to the separa- 
tion of the layers, 
Uno = Ano: U(n, n + 1) | 
Untyi = U(n, n + 1) \ 
where d,, and di,+1; are called ‘‘distribution”’ fac- 
tors and are given by 


1 
Ono 
Rus Rent vi 
(12) 
Rint 
dint 
Ring Rint 1 


By the results of Eqs. (11), the discontinuity be- 
tween the mth and (m + 1)th layer is eliminated. 
In addition, we see from the second equations of both 
Egs. (4) and (6) that a displacement C,,o;t#,. is carried 
to the surface at a,; and another displacement 
Cart 18 Carried to the surface at 
These displacements should now be added to U(n — 
1, nm) and U(n + 1, nm + 2) respectively for further 
correction. 

We can now proceed with a similar correction at 
another intersurface of a pair of neighboring layers. 
By the principle of superposition, we assume this 
time that the surfaces at a,, and d@:,+1; are free of 
restraints. The process continues until there are 
only negligible discontinuities between the layers. 
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Layer No. 


(0) 3 


a3i 


Softness factors 4.55 103 
1 


Carry-over factors 


Distribution factors 0.465 = dz; 


We see that this method is analogous to that of 
moment distribution. The counterpart of LU’ in the 
moment distribution method is the fixed end mo- 
ment. The counterpart of softness factor is the 
The terms ‘carry-over factor’ 
and “‘distribution’”’ were used in the Hardy Cross 
Method. 

A much faster process which yields the exact solu- 
tion is credited to Ling® and will be discussed in a 
numerical example. 


‘stiffness’ factor. 


Numerical Example 


Sign Convention 


The displacement «* or u is positive if it moves 
away from the origin. Carry-over factors C,,.; and 
Cio are always positive. We denote the positive 
quantity of W411); — Un by +U(n + 1, n) and the 
negative quantity by —U(m + 1, nu). Therefore, 
when discontinuity is caused by interference instead 
of separation, the right-hand sides of both Eqs. 
(11) change sign. 


Numerical Results 


The sandwich-type cylinder under consideration is 
made of three thin layers (Fig. 4). 
physical quantities are 


The assumed 


Qs; 
= = 1.0002 | 
Qyi Uo 
| 
3 
— = 1,0102 | 
ay; ay, 
= 10104 
ay 
| 
E, = — = 70, », vy, = 0.3, 
FE. 
0.5, ay = ch; ay = 0.75 


The temperature distribution to be considered 
through a thin sandwich is shown in Fig. 5. 


T 


0 ay; < r Qo 


T, r 

= «fog ay S 7 Say (14) 
log (d2./d2;) Ao; | 


where 7, is a constant. 
For free expansion of each layer, we obtain from 
Egs. (1) and (14): fora; <r < ay, 
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(2) (0) 1 1) 
29 X 10? 5.25 103 E = ko; Rio = 4.55 x 10% = 
“1 4 
1.01 +0.99 Crio 
535 0.5385 = da dio = 0.465 
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for <7 Say. 
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| as; r 
Axo Qo; = 
(le; 
and for ag; <r < dy, 
u* = (1 + »3) aly 
(17) 
= 0 


lhe softness factors, carry-over factors, and dis- 
tribution factors are obtained by Eqs. (5), (7) and 
13) and are given in tabular form in Table 1. 

Che process of using the Cross Method to deter- 
mine the intersurface stress g required to restore 


continuity is illustrated in Fig. 6. The carry-over 
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factors and distribution factors are taken from 
Table 1 and are shown again at the top of the figure. 
Immediately below are the free thermal expansions 
Uno OY U*y; at the surfaces of each layer, which are 
obtained from Eqs. (16) and (17) by substituting 
numerical values from Eqs. (13). Using the sign 
convention previously discussed, it is seen that 
there is an opening, U(1, 2) = 0.57 a, Toa1:, between 
layers 1 and 2. By Eggs. (11), the displacement 
corrections will be #,, = +0.27 a7,a;; for layer 1, 
and uw; = —0.380 for layer 2. These cor- 
rections are produced by the intersurface stress, 
dio = 921, and are underlined to differentiate them 
from the free displacements. The —0.30a,7,a); 
displacement at the inner surface of layer 2 induces 
an opening of +0.30a;7,a1; between layers 2 and 3 
by the carry-over factor, +0.99. The discontinuity 
between layers 2 and 3 will be U(2,3) = (+131 — 
0.58 + 0.30)-a;7,a;; and the correction will be 
carried out here by a similar process. Final dis- 
placement correction stops between layers 1 and 2 
+0.02 
Final displacements for each surface are the sum of 
It is found that the outer 
surface of layer 1 moves out 0.62-a,7,a;; while the 
inner surface of layer 2 also moves out the same 
amount. The sum of the underlined figures only in 
each column gives the displacement u,, or “,,; caused 
by the intersurface stress. Finally, the intersur- 
face stresses gn. OF Jn; are obtained from Eqs. (4) and 


(6). 


with = —0.03 and uw = 


u* and u in each column. 


Direct Cross Method 


The direct Cross Method® will perform the task 
shown in Fig. 6 by a one-cycle operation, and gives 
The direct method not only is 
time saving, but also shows that the Cross Method 
is not an approximation. 


the exact solution. 


We start by modifying ke, dz, and Ci; as shown 
in Fig. 7. By definition, the softness factor Rk is 
the displacement at the surface of the cylinder due 
to the unit stress at that surface. By Table 1, we 
know ko = Us = 5.25 XK 10%(ae,/E) at ae, resulting 
from a unit tension at a2, with the surface at dz; is 
free of stress. Fig. 7 shows that this unit stress at 
dy, introduces an opening at layers 1 and 2 of +5.30 
X 103 (a2,/E) by the carryover +1.01. To restore 
the continuity, we need to give displacements u2; = 
—2.84 X 10%(a.,/E) for the inner surface of layer 2 
and u, = +2.46 X 10%(a,;,/E) for the outer surface 
of layer 1, according to the distribution factors 
0.535 and 0.465 as given in Fig. 6. The correction 
of —2.84 X 10° (a,,/E) at dg; then induces an open- 
ing of —2.81 X 10%(a),/E) at a2, by the carry-over 
factor of +0.99. The final displacement at a2, due 
to a unit stress at da is therefore (5.25 — 2.81) X 
10° (ao,/E) = 2.44 10%(a.,/E), and is called the 
“modified softness factor,’ k’,. By definition, 
k,, is the displacement at a2, due to unit stress at 
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dz, while the intersurfaces of layers 2 and 1 move 
together and remain attached. Using k’», just ob- 
tained together with k;,, we compute ‘‘modified 
distribution factors,’ d’;; and d’,, by Eqs. (12) 
The ‘‘modified carry-over factor,’’ C’,; is also re- 
computed as shown in Fig. 7. 

The Direct Cross Method is then shown in Fig. 8. 
As before, we start correction between layers 1 and 
2 by the original distribution factors 0.535 and 
0.465 and —0.30 a,7,a;; is carried to ad», as before. 
The sum of the discontinuity between layers 2 and 
3 is U(2,3) = (4+1.31 — 0.58 + 0.30) aT,a, 
which is then corrected according to the new dis- 
tribution factors, d’;, and d's. The displacement 
correction, +0.36a,7,a1;, at da then induces a dis- 
placement correction —0.36a,T,au, X 1.16 = —0.42 X 
a7 a4; at do; by the new Cy;’, — 1.16. The corre- 
sponding displacement correction at ay is obtained by 
multiplying +0.42a:7,a; by the ratio (2.46/2.84), 
which is taken from Fig. 7. Similarly, the carry- 
over displacement at d2;, + 0.78a,7%a1;, is also ob- 
tained and shown in the bracket. Thus, we com- 
plete the cycle and the exact solution is obtained 
as shown in the figure. It should be noted here that 
the k’,, should be used in Eqs. (4) to compute the 
intersurface stress qo, at do. 

The stress, o, caused by intersurface stress g (Fig. 
8) is obtained from Eqs. (2) and (3). The stresses 
o,* and o,* in the state of free expansion of each 
layer are obtained by the direct substitution of 
numerical values from Eqs. (13) into Eqs. (16). 
The final results of (o, + o,*) and (a + o,*) are 
therefore obtained by summation of the total results 
and are presented in Figs. 9 and 10. Because of the 
thinness of the shell, they are closely represented by 
a straight line within each layer. 


Classical Solution 


The problem of the preceding example will be 
worked out again by using the classical solution.‘ 
Then, the results of the classical solution and the 
present work will be compared. 
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Introducing the new notations 
ue = + u) 
(18) 
o’, = Z(e*.+ o,) = 


The expressions for displacement and_ stresses 
according to the temperature distribution shown 
by Eqs. (14) can be written down in the form of 
Eq. (1). Hence, for the layer 1 (Fig. 4), we write 
= Cur + 

[Fy (1 + vi) fen (1 — 2) | = | 
(19) 


For layer 2, 
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1 — ve log(d2/da2;) 
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Cut + Ce(1/r) 
l (20) 


1 — ve log (a.,/d2;) 


a2 1 


For layer 3, 


1 + V3 13,” 


1 — vz 2 


Cur + Cr (1/r) 


l 


¢ ) + 
1 V3 r? 
FE; ( C3 1 =| 
l + V2 r? 


C32 are six constants of integration which 


= 


Where Cu 


are determined by the following six equations: 


) 
= 0 | 
= 
= o'2(d2;) | 

(22) 
= U 3(d3:) | 
o’3(d3;) | 


= 


Substituting Eqs. (19), (20), and (21) into Eqs. 


(22) and after considerable algebra, we obtain for 


the case of Eqs. (13): 
= 627 + 12.25 cols 


Cie = 1,568a], + 


Cy 
(, -) = 2,245.7 al; + 48.86 


ay; 
= (Q1o (de; (0.4 ‘) Cis 


9 
(23) 


= Cx. + 1.817 only 


- 1,653.0 al, + 34.1 aols 
I, 


I. x 


By substituting Eqs. (23) into Eqs. (19) and (21) 
the following are obtained: 
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= 1.385 X 10-4 


o's = 1.46 X 10-4 | 


(24) 
tt' 1 = 0.62 


u's; = ().64 a1 


Recall the definition of Eq. (18) and compare Eq. 
24) with the results of Fig. 8 and also note that 


= = lo + U19) 

= 243: = + U3; ) 


We see that the two results check except that 
oy) and uy. show a difference around 1.3 percent 
from the corresponding values in Fig. 8. These 
differences are attributed to the slide rule error, not 
the theory. 


Conclusion 


It has been shown that the calculation of thermal 
stresses in a sandwich cylindrical shell can be quickly 
obtained by the Cross Method instead of directly 
solving simultaneous equations like those given by 
Eqs. (22). The time consumed by using the former 
method in solving the example problem is less than 
half of what is required by the latter. If the sand- 


wich shell has more than three layers, then the 
Cross Method is definitely preferred to solving a set 
of simultaneous equations 

Because the ranges of dp and a; are taken for thin 
shells, the curves in Figs. 11 and 12 are similar, but 
not identical. For thick wall-tubes, they should be 
quite different. 

If the core layer of the sandwich is made of honey- 
comb, the honeycomb material. may be treated as 
homogeneous by approximation if ‘‘equivalent”’ 
material constants are used. 

The present method can be readily extended to 
spherical shells of the sandwich type. 
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TTERS to the Editor 
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Sees A. E. Reader Interest 
as “Significant Compliment” 


To the Editor: 


I thought you might be interested to know of the 
rather unusual response which I have received as a 
result of AEROSPACE ENGINEERING’s very kind 
publication of material I submitted to you, which 
appeared in the June 1961 issue, beginning on page 
26, titled ‘Application of Operations Research for 
Site Planning Facilities Support.” 

At this early date, it seems significant to me of the 
great interest and widespread reading AEROSPACE 
ENGINEERING has as evidenced by the inquiries 
which I alone have received in the last 10-14 days 
and since the release of your June issue. No less 
than eight inquiries from prominent persons and 
companies in the Aerospace Industry, including some 
of the very large firms, have been received both 
through telegraphic inquiry and telephone exchanges 
as well, to say nothing of a number of very compli- 
mentary verbal remarks from individuals from the 
Industry. 

The inquiries have been received in our Washing- 
ton offices, as well as our home offices in Los Angeles, 
from those persons in the various companies who 
themselves have major responsibilities and roles in 
our national space program. This particular level 
of reader interest certainly seems to me to be a signifi- 
cant compliment to your very fine magazine. 

If at any time I may provide other material to 
AEROSPACE ENGINEERING, I shall be pleased and 
flattered to do so. 

(signed) Philip J. Daniel 
Executive Vice-President 
Daniel, Mann, Johnson, & Mendenhall 
Los Angeles, Calif. 


Against Article “Fragmentation” 


To the Editor: 


I wish to comment on the ‘‘fragmenting’’ of the 


articles in recent issues of your publication. One 
no sooner gets started reading an article than he is 
instructed to continue that article 30 to 50 pages 
For example, in the May 1961 issue, no less 
than 11 lead papers are started off on pages 8 through 


hence. 


28, each with only two pages of text and illustrations; 
each article is then continued elsewhere in this issue 
of AEROSPACE ENGINEERING. 

May I suggest that the serious reader who may 
desire to maintain a personal reference file of many 


of these worth-while technical articles would 
appreciate a policy wherein each article was pre- 
sented on consecutive pages without advertising, 
with advertising inserted between such articles in a 
way that would permit each technical article to be 
separately extracted for filing purposes without 
ruining adjoining articles that may be on an entirely 
different subject. 

What I’m trying to say is this: 

(1) Place Table of Contents on page 1—where it 
can easily be found. 

(2) Print each technical article, including Edi- 
torials, completely on continuous pages that are 
without advertising present within the article. 

(3) At the beginning and end of each technical 
article, separate each article from its adjoining arti- 
cles by several pages of advertising such that each 
technical article could be separately and easily re- 
moved from the magazine without taking with it 
any part of these adjoining articles. 

I believe that this composition of AEROSPACE 
ENGINEERING would be widely appreciated by mem- 
bers of the IAS, as 

(1) An aid to easier reading of each article. 

(2) An aid to those readers of AEROSPACE ENGI- 
NEERING who desire to maintain a file of technical 
articles of lasting value but who do not have (a) 
access to copying equipment, or (b) unlimited 
storage volume in which to retain back issues with 
their many, many pages of advertising. 

(3) A significant step toward easing the growing 
and acute problem of information retrieval in these 
technical fields. 

(signed) W. L. Gray 
Member, IAS 


[A sharp difference in opinion has arisen. Reader 
Gray, after some obviously serious study, proposes 
a change in our inside format. Reader Smith (June 
Letters) likes us the way we are. In the interest 
of better service to our readers, additional comment 
on this subject is invited.—Ep. | 


The IAS is now publishing a separate monthly 


INTERNATIONAL AEROSPACE 
ABSTRACTS 


All inquiries and subscription requests should be addressed to: 
INSTITUTE of the AEROSPACE SCIENCES 


2 East 64th Street New York 21, N.Y. 
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A word 
about 

our 
Advertisers 


The many companies whose 
advertising appears in this issue 
are interested in you and your 
work. They are anxious to let 
you know what they are doing 
to help you solve research and 
design 


problems missile, 


rocket, air, spacecraft 


projects. 


AEROSPACE ENGINEERING’S ad- 
vertising pages keep you posted 
on new and improved materials, 
components, services, and sup- 
plies useful to your professional 
work. 

To request more _ information 
on any product or service ad- 
vertised, may Wwe suggest you 
write to the adrerliser directly, 
at no obligation to you. It 
would be greatly appreciated if 
mention 


you would that you 


saw the ad in AEROSPACE 


IENGINEERING. 
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Established 1934 
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Years before McDonnell space vehicles 
reach the testing centers at Canaveral, designs 
pre subjected to the severe environment exist- 
ing at the edge of space. At McDonnell’s 
Hypervelocity Impulse Tunnel in St. Louis 
the combined electrical impulse power of the 
Grand Coulee and Hoover Dams breaks loose 
into the confines of a cannon-like funnel and 
fubjects space vehicle models to simulated 
pltitudes up to 60 miles, 14,000° temperatures 
and speeds up to Mach 27. 


From McDonnell’s unduplicated aerospace 
facilities such as this come innovations; inno- 
Wations that have characterized McDonnell 


All qualified applicants will re- 
ceive consideration for employ- 
ment without regard to race, 
creed, color or national origin. 


Project Mercury and Aeroba 


products through the Company’s 22-year 
history; innovations from forward thinking 
engineers who seek to shape air and space 
vehicles to their unique environmental 
requirements, rather than stretch existing 
designs to achieve marginal success. In the 
development of these advanced air and space 
systems, opportunities exist for advanced 
degree physicists, scientists and electronic 
management engineers anxious to take broad 
strides across the ‘“‘State of the Art’’ barrier. 
Your inquiry is invited. 


Write R. F. Kaletta, Engineering Employment 
McDonnell Aircraft, St. Louis, Mo. 


Phantom IT and F-101 Fighter and Attack Aircraft 
llistic Spacecraft « Talos Airframes and Propulsion Systems ¢ 
Quail Decoy M’ssiles Rotorcraft Electronics Systems Automation 
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Said Johann Kepler: “The planets move in elliptical orbits about the sun, and the square of t 
periods of revolution are proportional to the cube of their mean distances from the sun.” 


With interplanetary voyages fast becoming a reality, complete information regarding the velocity requirements for tr 
between planets is of vital importance. With these data available, it is possible to analyze propulsion requirements, 
ultimate system configurations, and conduct feasibility studies for any particular mission. 

Lockheed Missiles and Space Division scientists have actually evolved a rapid-calculation method, utilizing a high-spée 
computer. This has produced literally thousands of orbits, velocity requirements, and elapsed time, for design studies 
trips to and from both Mars and Venus—every tenth day from now until January, 1970. 

More simple to analyze are many factors which make Lockheed Missiles and Space Division a wonderful place to 
and work. Located in Sunnyvale and Palo Alto, California, on the beautiful San Francisco Peninsula, Lockheed is Syste 
Manager for such programs as the DISCOVERER and MIDAS satellites and the POLARIS FBM. These, together with reseé 
and development projects in all disciplines, make possible a wide diversity of positions for creative engineers and scienti 
in their chosen fields. 

Why not investigate future possibilities at Lockheed? Write Research and Development Staff, Dept. M-14B, 962 Wi 
El Camino Real, Sunnyvale, Calif. U.S. citizenship or existing Department of Defense industrial security clearance requi 


Lockheed /mssues AND SPACE DIVISION 


Systems Manager for the Navy POLARIS FBM and the Air Force AGENA Satellite in the DISCOVERER and MIDAS Prog 
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